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In  the  pursuit  of  materials  inherently  .capable  of  operating  at  temperatures  above 
approximately  lOOti^C  (or  approximately  2000'9F),  for  the  numerous  and  critical 
applications  which  are  found  in  aerospace  equipment  and  vehicles  to  an  ever  increasing 
degree,  the  materials  community  in  NATO  has  quite  generally  turned  to  the  four 
refractory  metals:'  niobium,  molybdenum,  tantalum  and  tungsten,  and  their  alloys.. 
Graphite  has  been  the  major  additional  material.  It  was  natural,  therefore,  thftt,  the 
Structures  and  Materials  Panel  of  the  NATO  Advisory  Group  for  Aerospace  Research  and 
Development  (AGARD)  select  these  metals  for  high  priority  attention  a  few  ypws  ago, 
graphite  having  been  covered  in  a  separate  Panel  program. 


The  Panel  Refractory  Metals  Program  has  embraced  a  number  op-pfojects:  a 
“state-of-the-art”  survey  in  NATO;  the  definition  of  saljpiilfproblems;  the  development 
of  a  basic  research  program  tc  cover  certain  areas^*fchb  publication  of  an  AGARDograph 
covering  activities  and  recommendationsfojMdfg^program;  the  preparation  of  an 
extensive  bibliography,  etc.  PrpB^Sfllof  this  work,  there  has  emerged  an  accumulation 
of  data  considered  worthy  Qf-*tfistribution  to  and  potentially  useful  to  many  others 
than  those  who  have  been  /ore  intimately  associated  with  this  program. 


Thus  it  developed  that  £Ms  volume  was  prepared  containing  physical,  mechanical, 
chemical,  metallurgical,  fabrication  and  miscellaneous  data  for  the  above-mentioned 
refractory  metals  and  their  alloys.  ^jSince  it  is,  in  a  sense,  a  spin-off  from  other 
objectives  than  that  of  deliberately*V>mpiling  a  complete  materials  handbook,  no 
claim  is  made  that  it  is  complete;  andVhe  format  that  has  been  chosen  was  dictated 
both  by  a  desire  to  present  the  data  in \  practical,  convenient  form  and  by  a 
limitation  in  the  °ffort  that  could  be  devoted  to  it.  On  the  other  hand,  every 
attempt  has  been  made  to  obtain  reliable  data,  to  have  it  confirmed  by  a  number  of 
sources  and  to  have  it  up  to  date  as  of  May  1964  to  the  maximum  degree  practicable. 


Many  people  from  many  countries  have  contributed  data  to  this  publication  and  many 
have  reviewed  various  portions  of  it.  To  these,  the  Panel  is  extremely  grateful. 

The  basic  tasks  of  accumulating  these  data,  searching  the  literature,  preparing  a 
bibliography  and  compiling  the  final  document  were  performed  by  M.  Robert  Syre, 
Assistant -Manager  of  the  Pechiney  Company  in  France.  To  him  the  Panel  extends  its 
sincerest  thanks  and  appreciation.. 


N.E.  PROMISEL 
Chairman,  Materials  Group 


1  August  1964 

*  A  more  comprehensive  bibliography  will  be  published  shortly  by  AGARD. 
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INTRODUCTION 


Dans  leur  recherchp  de  materiaux  intrinsequement  capables  d’  etre  utilises  a  des 
temperatures  sup^rieures  a  environ  1.000°C,  pour  les  applications  nombreuses  et 
essentiellcs  que  1’ on  rencontre  en  nombre  toujours  croissant  dans  le  domaine  des 
vehicules  et  equipements  spatiaux,  les  constructeurs  de  la  communaute  de  l’OTAN  ont 
fait  appel  d’  une  fagon  tres  generale  aux  quatre  metaux  refractaires  (niobium, 
molybdene,  tantale  et  tungstene)  et  a  leurs  alliages.  Le  graphite  a  ete  un  autre 
mat^riau  considere  comme  important.  11  fut  done  naturel  que  le  Panel  des  Structures 
et  Materiaux  de  1’  Advisory  Group  for  Aeronautical  Research  and  Development  (AGARD)  de 
1’  OTAN,  choisisse  ces  metaux  il  y  a  quelques  annees  pour  leur  accorder  une  attention 
.  prioritaire,  le  graphite  etant  considere  par  ailleurs  dans  un  programme  separe  du 

meme  Panel. 

*  Un  certain  nombre  de  projets  ont  ete  mis  sur  pied  dans  le  cadre  du  Programme  des 

>  Metaux  Refractaires:  une  revue  de  la  situation  generale  dans  l’OTAN;  la  definition  des 

>  problemes  les  plus  cruciaux;  le  developpement  d’ un  programme  de  recherches  de  base  dans 
certains  domaines;  la  publication  d’ un  premier  Agardographe  comprenant,  entre  autres, 
un  resume  des  travaux  de  recherches  de  base  deja  effectues  et  des  recommandations  pour 

j  leur  poursuite  dans  le  futur;  la  preparation  d’ une  importante  bibliographie,  etc - 

I  II  est  resulte  de  tous  ces  travaux  une  accumulation  et  un  regroupement  de  renseigne- 

f  ments  qu’  il  a  ete  juge  opportun  de  faire  connaxtre  et  qui  pourront  etre  utiles  a  t‘us 

|  ceux  qui  n' ont  pas  ete  associes  de  tres  pres  a  ce  Programme. 

;  En  consequence  fut  entreprise  la  preparation  de  ce  volume  qui  contient  les  donees 

:  relatives  aux  proprietes  physiques,  mecaniques,  chimiques,  metal lurgiques,  etc.  pour 

les  quatre  metaux  refractaires  et  leurs  alliages.  Du  fait  que,  dans  un  sens,  ce 
travail  est  la  resultante  d’ autres  objectifs  que  celui  d’une  compilation  deiiberee  d’un 
1  manuel  tres  complet,  il  ne  pretend  pas  comporter  tous  les  details  possibles,  et  la 

forme  qui  en  a  ete  choisie  a  ete  dictee,  a  la  fois  par  le  desir  de  presenter  les 
renseignements  d’  une  fagon  simple  et  par  la  somme  de  travail  limitee  qui  pouvait  etre 
accordee  a  ce  sujet.  Cependant,  tous  les  efforts  ont  ete  faits  pour  obtenir  des 
renseignements  valables,  les  faire  confirmer  par  de  nombreuses  sources  et  les  avoir  a 
jour  au  ler  mai  1964  dans  le  plus  grand  nombre  des  cas. 

Beaucoup  de  personnes  de  nombreux  pays  ont  fourni  des  renseignements  pour  cette 
publication,  et  beaucoup  en  ont  revu  divers  chapitres.  Le  Panel  leur  en  est  extreme- 
ment  reconnaissant.  Les  travaux  de  base  (rassemblement  de  ces  renseignements  - 
recherches  dans  les  publications  -  pre'paration  d’  une  bibliographie  succincte  -  com¬ 
pilation  du  document  de'finitif)  furent  effectues  par  M.  Robert  Syre,  Sous -Direct  eur 
du  C.R.M.C.  de  la  Compagnie  Pechiney  (France).  Le  Panel  lui  adresse  ^galement  sa 
reconnaissance  et  ses  remerciements  Its  plus  sinceres. 


N.E.  PROMISEL 

President  du  Groupe  des  Materiaux 

ler  Aofit  1964 

*  La  bibliographie  complete  sera  publiee  ulterieurement  par  les  soins  de  1’ AGARD. 
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REFRACTORY  METALS  AND  THEIR  ALLOYS 
R.  Syre 

CHAPTER  I  -  NIOBIUM  AND  NIOBIUM  ALLOYS 

1.  PHYSICAL  PROPERTIES  OF  NIOBIUM  METAL 

1.1  Atonic  Number:  41  Atonic  weight  92.91  Group  :  V  A 

1.2  Crystal  Structure 

Body  centred  cubic  (no  transformation  point)  lattice  constant  :  3.3004  &  at  32°F; 
atomic  diameter  :  2.94  A. 

1.3  Density 
0.31  lb/in3. 

1.4  Melting  Point 
4475°F. 

1.5  Vapour  Pressure 


Temp.  (°F) 

2 550 

2900 

mo 

mo 

mo 

5430 

8900 

mmHg 

1  xlO"13 

1  xlO"10 

1  x  10’5 

6  x  10"4 

1  x  10"3 

1  x  10'2 

760 

1.6  Specific  Heat 

0.064  Btu/lb°P  -  increases  linearly  with  temperature  up  to  0.080  at 
2600°P. 

1.7  Thermal  Conductivity 

30  Btu  ft/h  ft2  °F  at  32°F  -  increases  linearly  with  temperature  up  to  41  at 
1170°F. 

1.8  Thermal  Expansion 

Absolute  coefficient  of  expansion  at  32°F:  3.8  microinch/in  °F 

Average  coefficient  of  expansion  betwe®^  70°F  and  T°F:  4. 05  microinch/in  °F 

for  T  -  570°F 
4.47  microinch/in  °F 
for  T  =  2200°F 

(linear  variation  with  temperature) 

General  equation:  LT  =  L?0  (1  +  3.805  x  10"6  x  T  +  2.52  x  10'10  x  T2)  (T  in  °F). 
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METAUX  REFBACTAIRES  ET  LEURS  ALLIAGES 
R.  Syre 


CHAPITRE  I  -  NIOBIUM  ET  ALLIAGES  DE  NIOBIUM 

1.  PROPRIETES  PHYSIQUES  DU  NIOBIUM  NON  ALLIE 

1. 1  Num^ro  Atomique:  41  Masse  atomique  :  92, 91  Groupe  V  A. 

1.2  Structure  Cristalllne 

Cubique  centre  (pas  de  point  de  transformation)  rdseau  :  3,3004  1  a  20°  -  diamdtre 
atomique  :  2,94  A. 

1.3  Density 
8,66  g/cm3. 

1.4  Temperature  de  Fusion 
2. 468°C. 

1.5  Tension  de  Vapeur 


Temp.  °C 

l.m 

1.600 

2.200 

2,470 

2.540 

3.000 

4.027 

mmHg 

1  x  10'13 

1  x  10'10 

1  x  10'5 

6  x  10'4 

1  x  10'3 

1  X  10"2 

760 

1.6  Chaleur  Spe'cifique 

0, 064  cal/g  °C  4  0°C  -  croft  lineairement  avec  la  temperature  pour  atteindre 
0,080  a  1.400°C. 


1.7  Conductlbllite  Thermique 

0, 125  cal/cm  s  °C  4  0°C  -  croft  lindairement  avec  la  temperature  pout  atteindre 
0, 168  4  600°C. 

1.8  Coefficient  de  Dilatation  Lineaire 

Coefficient  de  dilatation  absolu  4  0°C  :  6,89  x  10‘6/°C 

Coefficient  de  dilatation  moyen  entre  20°C  et  T°C  :  7,30  x  10" 6  pour  T  =  300°C 

8,04  x  10_<  pour  T  =  1200°C 

(variation  lindaire  avec  la  temperature) 

Equation  generale  :  LT  =  L20  (1  +  6,892  x  10'6  x  T  +  8,17  x  10‘10  x  T2)  (T  en  °C). 


! 
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11.9  Electrical  Resistivity 

16  microhm -cm  at  32°P,  increases  linearly  with  temperature. 

I  40  microhm-cm  at  1100°P. 

|  64  microhm-cm  at  2200°P. 

i 

The  temperature  coefficient  of  electrical  resistivity  per  °P  is  0.0022  (0toll00°F). 
Residual  resistivity:  0. 15  microhm-cm  at  20°K. 

Superconductivity  first  appears  at  8°K. 

1.10  Absorption  Cross-Section  (Thermal  Neutrons) 

1. 1  barn/atom. 

2 

| 

I  1.11  Spectral  Emissivity: 

|  0.374  for  an  average  wavelength  of  6500  A  from  2200  to  4000°P,. 


2.  MECHANICAL  PROPERTIES  OF  NIOBIUM  METAL 
2.1  Typical  Analyses 

Hie  purity  of  niobium  depends  on  the  method  of  production  (carbothermic  reduction, 
etc.)  and  how  it  is  consolidated  (powder  metallurgy,  arc  melting,  electron  beam 
melting).  Typical  impurity  contents  (in  ppm)  are: 


Original 

product 

Sintered 

product 

Arc  melted 
product 

Electron 
beam  melted 
product 

Oxygen 

1000-8000 

100-200 

500-3000 

20-50 

Nitrogen 

200-500 

50-100 

100-500 

20-50 

Carbon 

400-1500 

100-200 

200-800 

20-50 

Hydrogen 

100-800 

5-10 

30-100 

1-5 

Iron 

500-1500 

300-800 

200-500 

20-50 

Silicon 

500-1500 

50-100 

100-200 

10-20 

Titanium 

200-500 

50-100 

100-300 

5-10 

Magnesium 

100-200 

10-20 

50-100 

- 

Tantalum 

50-2500 

50-2500 

50-2500 

50-2500 

*  The  tantalum  content  depends  on  the  quality  of  the  ores  and  the  degree  of  Nb-Ta  separation 
achieved  in  the  chemical  processing. 

(Some  early  productions  of  Nb  had  a  high  Zr  content). 
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1.9  Resistivity  Electrique 


16  microhm-cm  a  0°C,  croft  lineairement  avec  la  temperature. 

40  microhm-cm  4  600°C. 

64  microhm-cm  ft  1.200°C. 

Le  coefficient  de  temperature  de  la  resistivity  electrique  est  0,004  par  °C  (0-600°C). 
La  resistivity  residueile  est  0, 15  microhm-cm  ft  20°K. 

La  superconductivity  apparaft  ft  8°K. 

1.10  Section  de  Capture  (Neutrons  Thermiques) 

1, 1  barn/atome. 

1. 11  Coefficient  d’  Emissivite 

0,374  pour  une  longueur  d’ onde  moyenne  de  6.500  A  ft  1. 200-2. 200°C. 


2.  PROPRIETES  MECANIQUES  DU  NIOBIUM  NON  ALLIE 


2.1  Analyses  Courantes 

La  purete  du  niobium  depend  de  son  mode  de  production  (reduction  -  carbothermie, 
etc. )  et  de  son  mode  de  consolidation  (metallurgie  des  poudres  -  fusion  ft  1* arc  - 
fusion  par  bombardement  eiectronique) .  Les  teneurs  moyennes  en  impuretes  sont  les 
suivantes  (en  ppm): 


Produit  de 
depart 

Apres 

frittage 

Aprhs 
fusion  arc 

Apres  fusion 
bombardement 
eiectronique 

Oxygftne 

1.  000-8.  000 

100-200 

500-3.000 

20-50 

Azote 

200-500 

50-100 

100-500 

Carbone 

400-1. 500 

100-200 

200-800 

Hydrogftne 

100-800 

5-10 

30-100 

1-5 

Per 

500-1.  500 

300-800 

200-500 

20-50 

Silicium 

500-1.500 

50-100 

100-200 

10-20 

Titane 

200-500 

50-100 

100-300 

5-10 

Magnesium 

100-200 

10-20 

50-100 

- 

Tantale 

50-2. 500 

-- 

50-2. 500 

50-2.  500 

La  teneur  en  tantale  depend  essentiellement  de  la  qualite  des  minerals  et  de  la  separation 
Nb-Ta  plus  ou  molns  poussee. 

(Les  premieres  productions  de  Nb  conteniient  de  fortes  teneurs  en  Zr). 


6 


2.2  Tensile  Properties  at  High  Temperature 
(Mean  values) 


70°F 

1100°F 

1475°F 

1800°F 

2200°F 

Annealed 

Cold 

worked  95 % 

A) 

mealed 

0 

_ 

0. 2%  yield 
strength  (kpsi) 
Ultimate  tensile 

26(b)-43 

83 

17 

14 

12 

9,3 

■ 

36(b)-60 

strength  (kpsi) 

86 

46 

43 

26 

16 

IB 

Elongation  (%) 

20-40(b) 

5 

18 

25 

38 

43 

19 

(a)  1  hour  at  2200°F.  (b)  electron  beam  melted. 


I1  It  should  be  pointed  out  that  niobium  metal  is  subject  to  strain-ageing  within 

the  temperature  range  +  575  to  +  925°P;  the  intensity  of  the  effect  varies  according 
to  the  quantity  of  interstitial  impurities  present  (especially  oxygen  and  hydrogen). 
|  Additions  of  titanium,  zirconium  or  vanadium  delay  the  effect  until  1300-1550°F. 

I 

|  2.3  Tensile  Properties  at  Low  Temperature  - 

1  Ductile  to  Brittle  Transition 

I 

Metal  which  has  been  electron  beam  melted  and  recrystallized  (02:  0.015%; 

N2:  0.005%;  C:  0.004%;  Ta:  0.18%)  gave  the  following  results  under  tensile  test  on 
I  unnotched  specimens: 


Temperature  (°F) 

70 

-150 

-240 

-330 

-4  20 

Ultimate  stress  (kpsi) 

36 

54 

80 

104 

■1 

Reduction  of  area  (%) 

95 

90 

93 

70 

■Efl 

In  accordance  with  the  general  law,  the  transition  temperature  is  increased  by 
rapid  mechanical  testing,  notching,  recrystallization  grain  size  (recrystallization 
in  itself  has  no  effect)  and  the  impurity  content  -  particularly  interstitials  and 
especially  N2  and  H2  .  The  effects  of  nitrogen,  hydrogen,  oxygen  and  carbon  are 
'aown  in  the  following  table. 


Transition  temperatures  (°F)  in  tensile  test  (Reduction  of  area) 

Nitrogen 

Hydroge 

n 

Oxygen 

Carbon 

ppm 

un¬ 

notched 

ppm 

un¬ 

notched 

notched 

ppm 

un¬ 

notched 

notched 

ppm 

un¬ 

notched 

KS1 

-330 

9EW 

-330 

1 

1500 

-330 

99a9i 

Bjlj 

-150 

HI 

+180 

H 

+210 

+300 

+  10 

600 

+210 

RSI 

+  90 

■HI 
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2.2  Caracteristiques  M^caniques  en  Traction  A  Haute  Temperature 
(Valeurs  moyennes) 


(a)  1  h  a  1.  200°C. 


(b)  metal  fondu  par  bombardement  electronlque. 


2C 

Etat 

recuit ^ 

)°C 

Etat 

icroui  95% 

600°C 

80QPC 

Et 

98CPC 

at  recu 

1.090°C 

it <*> 

1.  2008 C 

Limit e  eiastique 

A  0,2%  (kg/mm2) 

18(b)-30 

58 

12 

10 

8 

6,5 

Charge  de  rupture 
(kg/mm2) 

25(b)-42 

60 

32 

30 

18 

11 

7 

Allongement(%) 

20-40(b) 

5 

18 

25 

38 

43 

45 

A  signaler  que  le  niobium  non  allie  presente  le  phenomAne  de  strain-aging  dans 
la  zone  de  temperature  +  300,  +  500°C,  plus  ou  moins  marque  suivant  la  quantite 
d’ impuretes  interstitielles  (et  specialement  oxygAne,  hydrogene).  Les  additions  de 
titane,  zirconium  ou  vanadium  repoussent  ce  phenomena  vers  700-850°C. 


2. 3  Caracteristiques  de  Tractiun  a  Basse  Temperature  - 
Transition  Due tile -Fragile 


Pour  un  metal  fondu  par  bombardement  eiectronique  et  recristallise 
2  =  0,015%  -  N2  = 
eprouvettes  lisses: 


(02  =  0,015%  -  N2  =  0,005%  -  C  =  0,004%  -  Ta  =  0,18%),  on  obtient  en  traction  sur 


Temperature  (°C) 

20 

-100 

-150 

-200 

-250 

Charge  de  rupture  (kg/mm2) 

25 

38 

56 

73 

105 

Striction  (%) 

95 

90 

83 

70 

2 

Suivant  la  loi  generale,  la  temperature  de  transition  est  augment de  par  la  vitesse 
de  1’  essai  mecanique,  1’  entaille,  le  grosseur  du  grain  de  recristallisation  (la  re- 
cristallisation  proprement  dite  n’ a  pas  d’effet),  la  teneur  en  impuretes,  particuli&re- 
ment  interstitielles,  et  plus  specialement  H2  et  H2.  Le  tableau  ci-dessous  montre  les 
effets  de  1’ azote,  de  1’  hydrogAne  et  du  carbone. 


Temperature  de  transition  en  essais  de  traction  (striction)  (°C) 

Azote 

Hydrogene 

Oxygene 

Carbone 

ppm 

non 

entailli 

ppm 

non 

entailli 

entaille 

ppm 

non 

entaille 

entailli 

ppm 

non 

eniailli 

100 

-200 

20 

-200 

-200 

150 

-200 

-200 

1.500 

-200 

200 

-  30 

200 

+  70 

+100 

500 

-100 

0 

500 

+  80 

400 

+100 

+150 

1.300 

-  10 

+  50 

603 

+100 

2.500 

8 


Transition  temperature  (°F).  Influence  of  type  of  test 

Low  strain  rate  on 
unnotched  specimem 
(reduction  of  area) 

Notch  impact  test 
(absorbed  energy) 

Arc  melted 

-330 

-  20 

Electron  beam  melted 

-350 

-240 

For  recrystallized  metal  of  average  purity  (e.g.,  02:  0.015%;  N2:  0.01%; 

H2:  0.001%;  C:  0.01%;  Fe;  0.08%;  Ta:  0.2%),  the  average  ductile-to-brittle  transition 
temperature  may  be  said  to  be  in  the  region  of  -240  to  -320°F  in  a  tensile  test  on  an 
unnotched  specimen. 

Figure  1  compares  the  behaviour  of  the  various  refractory  metals: 


Fig. 1  Transition  temperature.  Low  rate 
tensile  test.  Unnotched  specimen 


Temperature  de  transition  (°C).  Influence  du  type  d'essai 


Traction  lente  sur  Flexion  par  choc 

eprouvette  lisse  Eprouvette  entaillee 

(striction)  (energie  absorbee) 

Nb  fondu  &  1*  arc  -200  -  30 

Nb  fondu  par  bom- 

bardement  eiectronique  -210  -150 


Pour  un  metal  recristallis^  de  puretd  moyenne  (par  exemple: 

02  =  0. 015%  -  tlj  =  0, 01%  -  H2  =  0, 001%  -  C  =  0, 01%  -  Fe  =  0, 08%  -  Ta  =  0,  2%)  on  peut 
dire  que  la  temperature  de  transition  ductile -fragile  moyenne  est  de  1’ ordre  de 
-150/-195°C  en  essai  de  traction  non  entailld. 

La  Figure  1  donne  une  comparaison  du  comportement  des  diffe'rents  m^taux  rdfractaires. 


.160 

O 


u 

i  sv 

» 

■  SC 

u 

o 

2 

m 


o  i.  / 1 1 .  iW,  rn 

.250  -100  0  +100  +300  +500  +700 


Fig.  1  Tempdrature  de  transition,  essai  de  traction  lente 
sur  eprouvette  lisse 
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2. 4  Hardness 

Hardness  Is  strongly  affected  by  the  Impurity  content  (see  2.8)  and  by  cold 
working  (see  2.9). 

According  to  temperature,  hardness  varies  as  follows: 


Temperature  (°F) 

i 

70 

750 

1100 

1470 

1830 

2200 

2U00 

Vickers  number 

85 

78 

69 

33 

22 

16 

6 

2. 5  Young’ s  Modulus 


Temperature  (°F) 

70 

750 

lit  70 

2200 

2500 

3700 

E  (106  psi) 

16 

15 

14 

13 

11.5 

8 

(Static  Young*  s  modulus  measured  under  argon  atmosphere  on  bars  of  electron  beam 
melted  and  recrystallized  metal  -  02:  0.01%;  N2:  0,005%;  C:  0.005%;  H2:  0.001%). 


2.6  Fatigue  Strength 

Rotative  beam  tests  at  107  cycles  give  a  fatigue  limit  on  annealed  metal  of  30, 00r 
at  room  temperature.  The  figure  varies  somewhat  according  to  the  amount  of  cold  w,~rk. 


2.7  Creep  Properties 

Depends  mainly  on  purity. 

2.7.1  Stress-Rupture  Data 

On  recrystallized  metal  (mean  values) : 


Temperature 

Stress  (kpsi)  for 

a  life  of 

(°F) 

Ih 

10k 

100k 

1625 

20 

1800 

18 

17 

16 

2000 

14 

13 

12 

2100 

- 

— 

10 

2200 

7 

6 

4 

11 
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2. 4  Duretd 

La  duretd  est  trds  fortement  influencde  par  la  teneur  en  impuretds  (voir  2.8)  et 
par  l'dtat  d’ dcrouissage  (voir  2.9). 

En  fonction  de  la  temperature,  la  duretd  varle  comme  suit: 


Temperature  (°C) 

20 

m 

600 

800 

1.000 

1.200 

1.300 

Duretd  Vickers 

85 

78 

69 

33 

22 

16 

8 

2.5  Module  D*  Elasticity  en  Traction 


Temperature  (°C) 

20 

400 

800 

1.200 

1.600 

E  (kg/ram2) 

11. 200 

10. 500 

9.800 

9.100 

8,300 

5,600 

(module  d'  dlasticitd  statique  mesurd  sous  argon,  sur  barre  de  mdtal  fondu  par 
bombardement  dlectronique  et  recristallise  -  02  =  0,01%  -  N2  =  0,005%  -  C  =  0,05%  - 
H2  =  0,001%). 

2.6  Rdsistance  d  la  Fatigue 

La  resistance  4  la  fatigue  en  flexion  rotative  d  10 7  alternances  est  de  21  kg/mm2 
d  20°  sur  mdtal  recuit.  Elle  varie  peu  en  fonction  du  degrd  d’ dcroulssage  d  froid. 

2.7  Rdsistance  au  Fluage 

Elle  ddpend  fortement  le  la  puretd. 

2.7.1  Rupture  Differee 

Sur  mdtal  recristallisd  (valeurs  moyennes): 


Temperature 

(°C) 

Contrainte  (kg/ mm2)  dormant 
une  duree  de  vie  de 

lh 

10k 

100k 

880 

14 

980 

13 

12 

11 

1.090 

10 

9 

8 

1.150 

7 

1.200 

5 

4 

3 

I 


Time  needed  ( in  hours)  to  obtain  an  elongation  of 


0.2%  0. 3 % 


at  1300°P 

2.2 

4.2 

6.5 

at  1830°P 

6 

10.7 

17 

2.8  Effect  of  Impurities  (Oxygen  and  Nitrogen) 

2.8.1  Effect  on  Properties  at  Room  Temperature 
(Annealed  metal): 


Oxygen 

(%) 

0. 2%  yield 
strength 
(kpsi) 

Ultimate 

tensile 

strength  (kpsi) 

0.02 

30 

47 

0.04 

44 

54 

0.10 

70 

90 

0.20 

80 

100 

0.28 

90 

115 

0.32 

98 

133 

0.37 

106 

133 

0.41 

109 

134 

Elongation 


2.8.2  Effect  on  Properties  at  High  Temperatures 

(Annealed  metal)  -  Ultimate  tensile  strength  (kpsi) 


Temperature 

(°F) 


Oxygen  (%) 

0.02 

0.04 

0.06 

0.08 

0. 10 

0.12 

0.14 

43 

65 

88 

40 

46 

50 

54 

57 

62 

68 

2. 7. 2  Fluage 

Sur  bar re  Reroute: 


Cantrainte 

Temps  (h)  peur  obtenir  un  allongement  de 

(kg/mm2) 

0,1% 

0,2% 

0,3 % 

1% 

2% 

d  700°C 

1.5 

300 

1.600 

— 

— 

_ 

3 

200 

550 

1.500 

- 

- 

4,5 

180 

500 

1.100 

- 

- 

d  1.000°C 

4.2 

— 

— 

— 

24 

— 

7,5 

40 

- 

- 

- 

- 

12 

- 

- 

- 

1 

4 

2.8  Influence  des  Impuret&j  (Oxygdne  -  Azote) 

2.8.1  Effet  sur  les  Caracteristiques  a  20°C 
(Mental  recuit):. 


Oxy gene 
(%) 

Limite 

ilastique 

(kg/mm2) 

Charge  de 
rupture 
(kg/mm2) 

Allongement 

(%) 

mm 

21 

33 

35 

31 

38 

29 

Wmm 

49 

63 

17 

56 

70 

17 

63 

80 

15 

0,32 

69 

95 

12 

0,37 

74 

95 

10 

0. 41 

76 

96 

9 

2.8.2  Effet  sur  les  Caracteristiques  a  Haute  Temperature 
(Mdtal  recuit)  -  Charge  de  rupture  eu  kg/mm2 


Tempe¬ 

rature 

(°C) 

Oxy gene  (%) 

0,02 

0,04 

0,06 

0,08 

0,10 

0,12 

0,14 

mm 

30 

45 

62 

— 

— 

- 

ta 

28 

32 

35 

38 

40 

43 

48 

13 
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2.8.3  Effect  on  Hardness  at  Room  Temperature  (Annealed  metal): 


0,  (%) 

0.02 

0.03 

0.05 

0.1 

0.2 

0.3 

0.6 

0.75 

Vickers 

Number 

60 

87 

100 

160 

200 

240 

300 

350 

02  +  N2  (%) 

0.07 

0.5 

1 

Vickers 

Number 

100 

250 

300 

I  See  also  Section  2.3. 

|  2.9  Cold  Working,  Stress-Relief  anu  Recrystallization 

|  2.9.1  Cold  Working 

(Mechanical  properties  improve  according  to  the  amount  of  cold  work,  whereas 
ductility  is  impaired  (see  2.2).  The  following  effect  on  the  Vickers  number  is 
I  observed: 


Cold-working 

0<a) 

20 

40 

60 

80 

90 

percentage 

Metal  No.l(b) 

85 

120 

140 

150 

160 

165 

Metal  No. 2(c) 

55 

90 

110 

130 

145 

155 

(a)  recrystaliized.  (b)  powder  metallurgy.  (c)  electron  beam  melted.  i 

The  effect  of  cold  working  on  properties  at  high  temperature  is  also  favourable  ] 

up  to  about  recrystallization  temperature,  but  that  temperature  is  lowered  by  cold 
working. 

2.9.2  Stress-Relief 

Cold  worked  metal  is  relieved  by  heat  treatment  at  1375-1600°F  (1  hour)  or 
1700-1800°F  (15  minutes). 

2.9.3  Recrystallization 

Maximum  softening  and  plasticity  are  obtained  from  fine-grain  recrystallized 
metal.  The  purer  the  metal,  and  the  greater  the  amount  of  cold  working,  the  lower 
the  recrystallization  temperature  becomes: 

Degree  of  cold  work  (%)  Recrystallization  temperature  (°F) 


20 

50 

85 


2300-2500 

2000-2200 

1830-2100 


15 


2.8.3  Effet  sur  la  Durete  h  20°C  (MEtal  recuit): 


I 


02  (%) 

0,02 

0,03 

0,05 

0,1 

0,2 

0,3 

0,6 

0,75 

DuretE 

Vickers 

60 

87 

100 

160  j 

200 

240 

300 

350 

o2  +  n2  (%) 

0,07 

0,5 

1 

Durete 

Vickers 

100 

250 

300 

Voir  Egalement  Section  2.3. 

2.9  Ecrouissage  -  Restauration  -  Recristallisation 
2.9.1  Ecrouissage 

Les  caractEristiques  mEcaniques  augmentent  en  fonction  du  degrE  d’  Ecrouissage  E. 
froid,  tandis  que  la  ductilite'  diminue  (voir  2. 2) .  La  duretE  Vickers  est  af fectEe 
comme  suit: 


d°  d'ecrouissage  % 

0(a) 

20 

40 

60 

80 

90 

MEtal  l(b) 

85 

120 

140 

150 

160 

165 

MEtal  2<c) 

55 

90 

110 

130 

145 

155 

(a)  Recristallise.  (b)  Metallurgie  des  poudres.,  (c)  fondu  par  bombardement  e'lectroniqua. 

L’  influence  de  1’  Ecrouissage  sur  les  caractEristiques  &  chaud  est  Egalement 
favorable  jusqu’  au  voisinage  de  la  temperature  de  recristallisation,  mais  cette 
tempErature  est  abaissee  par  1*  Ecrouissage. 

2.9.2  Restauration 

On  obtient  un  adoucissement  du  mEtal  Ecroui  pour  des  traitements  thermiques  & 
750-870°C  (lh)  ou  930-980°C  (15  min). 

2.9.3  Recristallisation 

V  adoucissement  et  la  plasticitE  maximum  sont  obtenus  pour  un  mEtal  recristallisE 
&  grain  fin.  La  tempErature  de  recristallisation  est  d’  autant  plus  basse  que  le 
mEtal  est  plus  pur  ou  plus  Ecroui: 

Degre  d' ecrouissage  Temperature  de  recuit  (°C) 

20% 

50% 

85% 


i 


1.250-1.350 

1.090-1.200 


Generally  speaking,  the  normal  recrystallization  heat  treatment  is  given  as 
2100  to  2300 °P  (1  hour). 

Higher  annealing  temperatures  produce: 

-  coarsening  of  the  grain,  where  there  has  been  little  cold  working  before  annealing 
(critical  cold  working): 

Grain  size  (mils)  after  5%.  cold  working  and  annealing: 


Annealing  temp.  (°F) 

2200 

2400 

2600 

3000 

3600 

Grain  size  (mils) 

1.3 

8 

12 

24 

28 

-  general  coarsening  of  the  grain: 
Grain  size  (mils): 


Cold¬ 

working 

(%) 

Annealing  temperature  (°F) 

2200 

2400 

2600 

3000 

3600 

50 

1.6 

2 

2.8 

6 

12 

80 

1.3 

1.6 

2 

4 

10 

95 

0.6 

0.6 

1.3 

2 

8 

3.  CORROSION  BY  GASES,  CHEMICALS  AND 
LIQUID  METALS 

3. 1  Resistance  to  Oxidation 

Oxidation  rate  of  niobium  in  air  at  various  temperatures: 


Temperature 

(°F) 

Held  at  indicated  temperature  for  16  hours 

Weight 

gain 

(mg/ cm2  h) 

Oxygen 

penetration 

(mils) 

Surface  loss 
byr  scaling 
(mils) 

Total 

(mils) 

1000 

4 

— 

4 

6.5 

1200 

4 

- 

4 

6 

1400 

12 

- 

12 

20 

1600 

31 

46 

77 

48 

1800 

39 

47 

86 

41 

2000 

>96 

49 

>145 

36 

2200 

>440* 

- 

87 

10  hours  only. 
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En  general,  le  traltement  thermique  normal  de  recristalllsation  s’opdre  k 
1. 150-1.  250°C  (lh). 

Pour  des  temperatures  de  recuit  plus  eievees,  on  observe: 

-  d'  une  part,  un  grossissement  du  grain  en  cas  de  faible  ecrouissage  avant  recuit 
(ecrouissage  critique) : 

Grosseur  du  grain  (en  microns)  apr£s  ecrouissage  de  5 %  et  recuit: 


T°  de  recuit  (°C) 

1.200 

1.300 

4.450 

1.650 

2.000 

Grosseur  du  grain 

30 

200 

300 

GOO 

700 

-  d’ autre  part,  un  grossissement  general  du  grain: 
Grosseur  du  grain  en  microns: 


Ecrouis- 

sage 

(7c) 

Temperature  de  recuit  (°C) 

1.200 

1.300 

4.450 

1.650 

2.000 

50 

40 

50 

70 

150 

300 

80 

30 

40 

50 

100 

250 

95 

15 

15 

30 

50 

200 

3.  CORROSION  PAR  LES  GAZ,  PRODUITS  CHIMIQUES, 

METAUX  LI  Oil  I  DES 

3. 1  Resistance  k  V  Oxydation 

Vitesse  d’  oxydation  du  niobium  dans  1’  air  a  differentes  tempe'ratures 


Temperature 

(°C) 

Uaintien  16h  a  la  t°  indiquee 

Gain  de  poids 
(mg/ cm2  h) 

Penetration 
de  1‘oxygene 
(microns) 

Recession  de 
la  surface 
(microns) 

Total 

(microns) 

540 

100 

— 

100 

6,5 

650 

100 

- 

100 

6 

760 

300 

- 

300 

20 

870 

775 

1.150 

1.925 

48 

980 

975 

1.175 

2.150 

41 

1.090 

>2. 400^ 

1.225 

>3. 625 

36 

1.200 

>11.000* 

- 

- 

87 

*  10b  seulement. 
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Niobium  oxide  Nb205  is  relatively  stable  and  does  not  begin  to  melt  until  2700°P, 
but  the  diffusion  of  oxygen  leads  to  scaling,  progressive  deterioration  and 
brittleness.  Protective  coatings  are  necessary  for  temperatures  of  more  than  1550°P, 
but  failure  of  the  coating  does  not  produce  catastrophic  deterioration,  as  it  does 
with  molybdenum. 

Figure  2  shows  a  comparison  of  the  oxidation  rates  of  the  various  refractory 
metals: 


) 


$ 

j 

! 


3.2  Resistance  to  Water  and  Water  Vapour 

Niobium  does  not  behave  particularly  well  in  water  or  water  vapour  at  high 
temperature  and  up  to  900°F  its  mechanical  properties  are  not  better  than  those  of 
Zircaloy  2. 
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L’  oxyde  de  niobium  Nb205  est  relativement  stable  et  ne  commence  a  fondre  qu’  k 
1.480°C.  Cependant,  la  diffusion  de  1’  oxyg&ne  conduit  k  un  calaminage,  k  une  attaque 
progressive  et  k  une  fragilisation.  Des  revltements  protecteurs  sont  ndcessaires 
pour  des  temperatures  supdrieures  k  850°C,  mais  la  rupture  du  revfitement  n’  am&ne  pas 
&  une  degradation  catastrophique,  comme  dans  le  cas  du  molybd&ne. 

La  Figure  2  donne  une  comparaison  de  la  vitesse  d’  oxydation  des  differents  rndtaux 
rdfractaires. 


'  600  800  1000  1200 


Fig.  2  Vitesse  d’  oxydation  sur  metaux  refractaires  dans  1’  air 

3. 2  Resistance  k  1'  Eau  et  &  la  Vapeur  d’  Eau 

Le  niobium  ne  se  comporte  pas  particuli&rement  bien  dans  1’  eau  ou  la  vapeur  d’  eau 
k  haute  temperature  et  jusqu’  k  500°C  ses  caracteristiques  mecaniques  ne  sont  pas 
superieures  k  celles  du  Zircaloy  2. 


1 


i 
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3.3  Resistance  to  Various  Chemicals  i 

;  I 

On  the  whole,  niobium’ s  resistance  to  corrosion  is  much  the  same  as  that  of 
tantalum  (see  Chapter  II,  Section  2.10.2),  but  niobium  is  always  found  to  be  less  j 

resistant  than  tantalum  which  may  sometimes  be  completely  inert.  In  cases  where  i  j 

tantalum  is  insufficiently  resistant,  niobium  is  weaker  still.  The  coefficient  of  ! 

absorption  of  the  hydrogen  released  by  reactions  is  always  greater  for  niobium  than  j 

for  tantalum.  This  results  in  unacceptable  brittleness  at  an  earlier  stage:  the  j 

higher  the  temperature,  the  greater  the  brittleness. 
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3.4  Resistance  to  Liquid  Metals 

Na  -  K  -  Li:  niobium  is  highly  resistant  to  these  three  liquid  metals  up  to  at 
least  1800°P,  provided  that  they  are  not  contaminated  by  oxygen  and  that  the  metal 
itself  has  a  very  low  content  of  interstitial  impurities.  (The  reaction  to  liquid  Li 
at  820°C  becomes  considerable  when  the  metal  contains  more  than  250  ppm  of  oxygen). 

Hg  :  no  reaction  up  to  at  least  1200°P. 

Pb  no  reaction  up  to  at  least  1475°P. 

Bi  :  no  reaction  up  to  at  least  1000°F. 

Sn  :  very  good  resistance  up  to  1175°F,  but  at  1475°F  the  metal  is  subject  to 

severe  corrosion. 


4.  FABRICATION 

4. 1  Welding  and  Brazing 

The  welding  properties  of  niobium  are  excellent,  either  by  the  TIG  method 
(provided  that  all  necessary  precautions  are  taken  to  avoid  contamination  of  the 
metal)  or  by  the  electron  beam  method.  The  welds  are  as  ductile  as  the  base  metal. 

The  following  technique  is  generally  used  for  brazing  niobium  to  other  metals; 
electro-plating  with  Cu  or  Ag  on  both  the  metals  to  be  joined,  followed  by  the 
usual  processes. 

4.2  Forming 

Annealed  or  slightly  cold-worked  niobium  can  readily  be  fashioned  cold  in  all 
kinds  of  operations.  Slight  heating  does  not  make  working  easier  but  is  likely  to 
make  the  metal  brittle  by  contamination  in  air.  If  the  metal  becomes  over-hardened 
by  working  it  can  be  softened  by  heat  treatment  in  vacuo. 


j 

j 


3. 3  Resistance  k  Differents  Agents  Chimiques 

Dans  1*  ensemble,  la  tenue  4  la  corrosion  du  niobium  est  assez  voisine  de  celle  du 
tantale  (voir  chapitre  II,  Section  2.10.2),  mais  cependant  on  constate  toujours 
que  le  niobium  rdsiste  moins  bien  que  le  tantale  (qui  reste  parfois  absolument  inerte) 
ou,  au  mieux,  de  faqon  equivalents.  Dans  les  cas  oil  le  tantale  r^siste  mal,  le 
niobium  r^siste  encore  plus  mal.  En  outre,  le  coefficient  d’ absorption  de  l’hydrogkne 
degage  par  les  reactions  est  beaucoup  plus  important  pour  le  niobium  que  pour  le 
tantale.  II  s’ ensuit  done  une  fragilisation  redhibitoire  plus  rapide,  et  d’ autant 
plus  marquee  que  la  temperature  est  plus  eievee. 

3.4  Resistance  aux  Me'taux  Fondus 

Na  -  K  -  Li:  le  niobium  resiste  bien  jusqu’ 4  au  moins  1.000°C  4  ces  trois  metaux 
fondus,  4  condition  qua  ceux-ci  soient  non  contamines  par  1’  oxygkne  et  que  le  metal 
lui-mdme  contienne  de  faibles  teneurs  en  lmpuretes  interstitielles.  (1/  attaque  par 
Li  fondu  4  820°  devient  notable  lorsque  le  metal  contient  plus  de  250  ppm  d’  oxygkne) . 

Hg  :  pas  d’  attaque  jusqu’  4  au  moins  640°C. 

Pb  :  pas  d’  attaque  jusqu’  4  au  moins  800°C. 

Bi  :  pas  d’  attaque  jusqu’  4  au  moins  550°C. 

Sn  :  tr4s  bonne  resistance  jusqu’  4  630°C,  mais  4  800°C  le  metal  subit  une 

corrosion  severe. 


4.  FABRICATION 

4. 1  Soudage  et  Brasage 

La  soudabilite  du  niobium  est  excellente,  soit  par  la  rndthode  TIG  (4  condition 
d’ operer  avec  toutes  les  precautions  requises  pour  ne  pas  contaminer  le  metal),  soit 
par  bombardement  dlectronique.  Les  soudures  sont  aussi  ductiles  que  le  metal  de  base. 

Pour  le  brasage  du  niobium  4  d’  autres  metaux,  on  utilise  en  gene'ral  la  technique 
suivante:  e.lectroplacage  de  Cu  ou  Ag  sur  les  deux  me'taux  4  relier  et  brasage  par  les 
procedes  habituels. 

4. 2  Mise  en  Forme 

Le  niobium  recuit  ou  legkrement  dcroui  peut  £tre  facilement  travailie  4  froid  dans 
tous  les  cas  d’ operation.  Un  chauffage,  mdme  le'ger,  n’ameiiore  en  rien  la  facilite 
de  travail,  mais  risque  au  contraire  de  fragiliser  le  metal  par  contamination  par 
1’  air.  Si  le  travail  ecrouit  trop  le  me'tal,  on  peut  pratiquer  des  recuits  inter - 
mediaires  d’  adoucissement  sous  vide. 
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4. 3  Machining 

It  must  be  remembered  that,  especially  in  the  annealed  state,  the  metal  is  soft  ana 
clings  to  the  tools,  behaving  in  this  respect  rather  like  annealed  copper  or  even 
lead.  The  following  requirements  should  be  borne  in  mind: 

very  sharp,  high  speed  steel  tools; 
high  cutting  speeds; 

generous  lubrication  (with  carbon  tetrachloride  (toxic  fumes)  cr  special  fluids 
for  delicate  machining  operations); 

light  finishing  cuts  are  not  as  good  as  reasonably  heavy  cuts. 

Subsequent  surface  grinding  is  practically  impossible,  especially  on  annealed  metal. 


5.  NIOBIUM  ALLOYS  -  PURPOSE  AND  COMPOSITION 
5. 1  General 

Investigations  of  niobium-base  alloys  in  recent  year-  have  varied  in  their 
objectives  as  follows: 

1st  Phase:  improvement  of  resistance  to  oxidation,  a  line  which  has  unfortunately 
met  with  little  success  to  date; 

2nd  Phase:  substantial  improvement  in  mechanical  properties  at  high  temperatures, 
usually  to  the  detriment  of  other  properties  (plasticity,  weldability  and  ductile-to- 
brittle  transition  temperature);  these  are  "first  generation”  alloys  and  include: 

D31,  D41,  F48,  F50,  Cb74,  Cb7,  etc. 

3rd  Phase:  Improvement  of  mechanical  properties  at  high  temperatures,  but  with  due 
regard  to  properties  such  as:  weldability  (Sheet  Rolling  Program  of  the  US  Department 
of  Defense),  ductility,  weldability,  moderate  resistance  to  oxidation,  suitability 
for  taking  coatings,  possibility  of  nuclear  applications,  etc.  These  are  “second 
generation"  alloys,  such  as:  D14,  D36,  D33,  PS85,  B66,  B77,  AS30,  etc. 

Working  solely  with  a  view  to  improving  mechanical  properties  at  high  temperatures, 
two  lines  have  been  very  strongly  developed:  solid  solution  strengthening  and 
dispersion  hardening,  or  a  combination  of  both. 


5.2  Solid  Solution  Strengthening 

The  factors  involved  are:  degree  of  solid  solubility,  differences  of  atomic 
diameter  and  electronic  configuration,  coefficient  of  diffusion  (which  is  dependent 
on  melting  point). 


4. 3  Us  inage 


Pour  les  operations  d’  us  inage,  il  faut  tenir  compte  que  le  metal  (surtout  d  1’ dtat 
recuit)  est  &  la  fois  mou  et  tres  collant  aux  outils,  se  rapprochant,  de  ce  point  de 
vue,  du  comportement  du  cuivre  recuit  ou  m£me  du  plomb.  Les  principes  ci-aprds 
peuvent  £tre  suivis: 

outils  en  acier  rapide  trds  bien  afffltes 
grande  vitesse  de  coupe 

lubrification  abondante  (tetrachlorure  de  carbone  (vapeurs  toxiques)  ou 
liquides  spdciaux  pour  les  usinages  ddlicats) 

en  finition,  une  profondeur  de  passe  assez  forte  est  preferable  d  une 
faible  passe.. 

La  rectification  (tout  au  moins  sur  metal  recuit)  est  pratiquement  impossible. 


5.  ALLI AGES  DE  NIOBIUM  (GENERALITES  ET  COMPOSITION) 

5. 1  Generalites 

Les  recherches  sur  les  alliages  de  niobium  dans  les  dernidres  annees  ont  eu 
successivement  les  objectifs  ci-aprds. 

Phase  1:  amelioration  de  la  resistance  d  1’  oxydation,  voie  qui  s’  est  malheureusement 
avere'e  sans  succds  suffisant  jusqu’ d  present; 

Phase  2:  amelioration  massive  des  caracteristiques  me'caniques  d  chaud,  au  detriment 
le  plus  souvent  d’  autres  proprietes  (plasticite'  -  temperature  de  transition  ductile- 
fragile);  c’ est  la  “premiere  generation"  d’ alliages,  parmi  lesquels  se  trouvent  entre 
autres:  D31,  D41,  F48,  F50,  Cb74,  Cb7. 

Phase  3:  amelioration  des  caracteristiques  mecaniques  d  chaud,  mais  en  prenant 
en  consideration  des  caracteristiques  telles  que:  fabricabilite  (Sheet  Rolling  Program 
de  l’US  Department  of  Defense),  ductilite,  soudabilite,  resistance  modere'e  d 
1’  oxydation,  aptitude  d  recevoir  les  revdtements,  possibilite  d’  application  dans 
1’ energie  nucldaire,  etc.  C*  est  la  "deuxidme  generation"  d’ alliages,  tels  que:  D14, 
D3C,  D33,  FS85,  B66,  B77,  AS30,  etc. 

En  se  basant  uniquement  sur  la  recherche  de  1’  accroissement  des  caracte'ristiques 
mecaniques  d  chaud,  deux  voies  ont  4td  particulidrement  developpees:  le  durcissement 
par  solution  solide  et  le  durcissement  par  phase  disperse'e,  combine's  ou  non. 

5.2  Durcissement  par  Solution  Solide 

Les  facteurs  qui  interviennent  sont:  le  degre  de  solubilite  solide,  les  differences 
de  rayon  atomique  et  de  configuration  dlectronique,  le  coefficient  de  diffusion  (lie 
d  la  temperature  de  fusion). 


Generally  speaking,  the  effect  of  elements  In  solid  solution  may  be  summed  up  as 
follows  : 

Better  yield  strength  at  high  temperatures:  in  descending  order  of  effectiveness: 
Cr  (but  solid  solubility  is  limited),  V,  Zr,  Re,  A1  (but  solid  solubility  is 
limited),  W,  Mo,  Hf,  U,  Ti,  and  Ta; 

Better  creep  resistance:  Mo  and  W  have  the  most  marked  effect.  Ta  has  a  marked 
effect  at  1300°F  and  over,  and  V  up  to  2200°F.  Ti  has  a  favourable  effect  on 
pure  Nb  metal,  but  is  usually  harmful  in  complex  alloys. 

Ductility  at  high  temperatures:  distinctly  improved  by  Ti.  A  V  content  of  more 
than  12%  makes  the  metal  far  more  brittle,  as  do  W  and  Mo  at  contents  over  15%. 

Cr  and  Zr  also  increase  brittleness; 

Better  recrystallisation  temperatures:  in  descending  order  of  effectiveness: 

W  -  Mo  -  V  and  Ta.  Titanium  has  no  effect  on  pure  niobium  metal  but  tends  to 
reduce  the  recrystallisation  temperatures  of  complex  alloys; 

Modulus  of  elasticity:  increased  by  IS  and  Mo  but  tends  to  be  reduced  by  Ti  in 
complex  alloys; 

Ductile-to-brittle  transition  temperature:  the  most  harmful  elements  are: 

H,  0,  N,  and  C.  The  following  metallic  elements  should  be  noted,  in  descending 
order  of  harmful  affect:  Re  (8%  Re  brings  the  ductile-to-brittle  transition 
temperature  up  from  -300°F  to  +575°F),  Al,  Mo,  W,  Cr,  Zr,  V,  Hf  and  Ti. 

Tantalum  tends  to  lower  the  ductile-to-brittle  transition  temperature. 


5.3  Dispersion  Strengthening 

Research  is  directed  towards  obtaining  the  finest  possible  dispersion,  evenly 
distributed  and  with  the  highest  possible  temperature  of  solution  in  the  matrix. 

Such  a  dispersion  may  be  obtained  either  naturally  or  artificially  or  by  a  heat 
treatment  consisting  of  solid  solution  followed  by  pre -precipitation.  A  great  deal  of 
activity  is  being  concentrated  on  this  field,  but  the  basic  understanding  of  the 
phenomena  involved  has  only  reached  the  initial  exploration  stage. 

Pure  intermetallic  compounds  are  little  used,  for  they  produce  thermally  unstable 
alloys  and  redissolve  quite  rapidly  in  the  matrix.  The  hardening  of  niobium  alloys 
is  based  principally  on  the  formation  of  compounds  of  high  thermodynamic  stability 
which  redissolve  only  at  relatively  high  temperatures;  these  are  formed  from 
additions  of  Ti,  Zr,  Hf  and  Cr,  rare  earths  and  the  interstitial  elements 
(0  -  N  -  C  -  B)  which  are  present  in  or  added  to  the  basic  matrix.  Research  is  also 
being  done  to  determine  the  action  of  natural  or  artificial  compounds  which  are 
perfectly  stable  up  to  the  melting  point  of  the  alloy,  whether  added  or  formed  before 
or  during  consolidation. 


*  According  to  Briggs.  Department  of  Mines,  Ottawa,  Report  IC  153,  July  1963. 
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D'une  fagon  g^rale,  1’ action  des  dldments  en  solution  solide  peut  se  rdsumer 
comme  suit  ; 

Amelioration  de  la  charge  de  rupture  k  chaud:  par  ordre  d*  efficacitd  ddcroissante, 
on  note:  Cr  (mais  solubilite  solide  limitde),  V,  Zr,  Re,  A1  (mais  solubilite 
solide  limitee),  ff,  Mo,  Hf,  U,  Ti,  Ta: 


Amelioration  de  la  resistance  au  fluage:  Mo.  W  ont  1'  effet  le  plus  marque.  Ta  a 
un  effet  marque  a  1.250°C  et  au-dessus.  V  a  un  effet  marque  jusqu’  k  1.200°C. 

Ti  a  un  effet  favorable  sur  Nb  non  allie,  mais  le  plus  souvent  ddfavorable  dans 
les  alliages  complexes; 

Effet  sur  la  ductilite  k  chaud:  Ti  1* ameiiore  nettement.  V  k  teneurs  superieures 
d  12%  est  fragilisant  marque,  de  rndme  que  ff  et  Mo  pour  des  teneurs  superieures  d 
15%.  Cr  et  Zr  sont  egalement  des  fragilisants  marques; 

Amelioration  de  la  tempe'rature  de  reeristallisation:  par  ordre  d’ efficacite 
decroissante,  on  note:  ff  -  Mo  -  V  -  Tp  -  Le  titane  n’  a  pas  d’  effet  sur  le 
niobium  non  allie  et  tend  a  diminuer  la  temperature  de  reeristallisation  dans  les 
alliages  complexes; 

Effet  sur  le  module  d’  eiasticltd:  ff  -  Mo  1’  augmentent.  Ti  tend  d  le  diminuer 
dans  les  alliages  complexes; 

Effet  sur  la  temperature  de  transition  ductile-fragile:  les  elements  les  plus 
nocifs  sont:  H,  0,  N,  C.  Pour  les  elements  metalliques,  on  note,  par  ordre 
d  effet  nocif  decroissant:  Re  (8%  de  Re  font  passer  la  temperature  de  transition 
ductile-fragile  de  -  200°C  d  +  300°C),  Al,  Mo,  W,  Cr,  Zr,  V,  Hf,  Ti.  Le  tantale 
tend  d  abaisser  la  temperature  de  transition  ductile -fragile. 

5.3  Durcissement  par  Dispersion 

On  recherche  la  formation  d’  une  dispersion  la  plus  fine  possible,  re'gulidrement 
distribude,  et  dont  la  temperature  de  mlse  en  solution  dans  la  matrice  soit  la  plus 
e levee  possible.  Cette  dispersion  peut  Stre  obtenue,  soit  naturellement,  soit 
artificiellement,  soit  par  traitement  thermique  de  mlse  en  solution  solide  suivie  de 
pre-precipitation.  One  grande  activite  est  ddployee  dans  ce  domaine,  mais  la  compre¬ 
hension  basique  des  phenomenes  n’  en  est  qu’  au  premier  stade  d’  exploration. 

Les  composes  purement  intermetalliques  sont  assez  peu  utilises,  car  ils  donnent  des 
alliages  instables  thermiquement  et  se  redissolvent  dans  la  matrice  assez  rapidement. 

Le  durcissement  des  alliages  de  niobium  est  principalement  base  sur  la  formation  de 
composes  k  haute  stabilite  thermodynamique,  qui  ne  se  redissolvent  qu'  k  temperature 
relativement  eievde,  formes  k  partir  d'  additions  de  Ti,  Zr,  Hf,  Cr,  terres  rares,  et 
des  elements  interstitiels  (0  -  N  -  C  -  B)  presents  ou  ajoutes  dans  la  matrice  Le  base. 
On  recherche  egalement  1’ action  de  composes  naturels  ou  artificiels  parfaitement 
stables  jusqu’  k  la  temperature  de  fusion  de  1’ alliage,  ajoutes  ou  ertes  avant  la 
consolidation  ou  pendant  la  consolidation. 


*  V  apres  Briggs.  Department  of  Bines,  Ottawa,  Report  IC  153,  July  1963. 


5.4  Composition  of  Niobium  Alloys 

The  following  table  lists  the  best-known  alloys,  grouped  according  to  mechanical 
strength  at  high  temperatures: 


Producer 

Refer¬ 

ence 

If 

Mo, 

Ti 

Compc 

Zr 

>si 

V 

til 

Ta\ 

n  (% 
C 

Other 

General  remarks 

Hi, 

lh- 

Stren 

A 

Hoys 

General  Electric 

AS30 

20 

1 

0.1 

Westingkouse 

B77 

10 

5 

1 

Readily  formabie 

Wato -Chang 

Cl  20 

15 

5 

1 

Low  interstitial  content 

Wah -Chang 

C129Y 

10 

10  Hf  (+  Y) 

Readily  formabie 

Pratt -Whitney 

C132M 

15 

5 

1 

19 

0.02 

Resistant  to 

Union  Carbide 

Cb7 

28 

7 

oxidation ^ 

Union  Carbide 

Cb74 

10 

5 

0.03 

* 

Con  be  cold-rolled. 

Haynes  Stellite 

Cb752 

10 

2.5 

0.02 

’  Low  resistance  to 

oxidation 

Union  Carbide 

Cb84 

20 

3 

7 

Union  Carbide 

Cb85 

20 

3 

7 

1 

Pansteel 

CT2WZ 

10 

1 

24 

Du  Pont 

D35 

10 

3 

Du  Pont 

D40 

15 

5 

1 

0.1 

Very  difficult  to 

process 

Du  Pont 

D41 

20 

6 

10 

0.08 

Resistant  to 

oxidation ^ 

General  Electric 

P44 

15 

1 

0.05 

General  Electric 

P48 

15 

5 

1 

0.06 

Very  difficult  to  process 

Fansteel 

PS85 

11 

0.6- 

27 

Readily  formabie 

Westinghouse 

NC181 

5 

1 

5 

*(b) 

Stauffer 

SCb291 

10 

10 

Readily  formabie. 

IMI 

Sul6 

11 

3 

0.  08 

2  Hf 

■  lairly  good 

Pechiney 

P311M 

* 

* 

# 

« 

* 

welding  properties. 

Avert 

ige-Strei 

7g1 

'h  i 

1  lloys 

General  Electric 

AS55 

5-10 

1 

0.06 

0.6  Y(c) 

Readily  formabie 

Westinghouse 

B33 

5 

Readily  formabie,  fairly 

good  welding 

properties 

Westinghouse 

B55 

5 

5 

Westinghouse 

B66 

5 

1 

5 

Readily  formabie 

(Continued) 


See  references  (a)  (b)  and  (c)  (page  28) 
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5.4  Composition  des  Alliages  de  Niobium 

La  tableau  ci-aprds  donne  une  liste  des  alliages  les  plus  connus,  groupds  en 
fonction  de  leur  resistance  mdcanique  4  chaud: 


Producteur 

1  Mo 

Ti 

Compc 

Zr 

si 

i 

tic 

F0 

n  (%) 
C 

Autres 

Remarques  ginerales 

A 

■  lia  g 

I” 

es 

i  H 

autes 

r 

G 

ara 

ctiri 

s tiques 

General  Electric 

AS30 

20 

1 

0,1 

Westinghouse 

B77 

10 

5 

1 

Bonne  fabricabilite 

Wah -Chang 

Cl  20 

15 

5 

1 

Basses  teneurs  en 

interstitiels 

Wah-Chang 

C129Y 

10 

10  Hf  (+  Y) 

Bonne  fabricabilite 

Pratt -Whitney 

C132M 

15 

5 

1 

19 

0,02 

Union  Carbide 

Cb7 

28 

7 

Resistance  & 

1’  oxydation(a) 

Union  Carbide 

Cb74 

10 

5 

0,03 

* 

Laminable  &  froid. 

.  Faible  resistance 

Haynes  Stellite 

Cb752 

10 

2,5 

0,02 

J 

a  l’oxydation 

Union  Carbide 

Cb84 

20 

3 

7 

Union  Carbide 

Cb85 

20 

3 

7 

1 

Pansteel 

CT2WZ 

10 

1 

24 

Du  Pont 

D35 

10 

3 

Du  Pont 

D40 

15 

5 

1 

0,1 

Trds  difficile  a 

transf. 

Du  Pont 

D41 

20 

6 

10 

0,08 

Resistance  4 

1’  oxydation^ 

General  Electric 

P44 

15 

1 

0,05 

General  Electric 

F48 

15 

5 

1 

0,06 

Trds  difficile  4 

transf. 

Fansteel 

PS85 

11 

0,6- 

27 

Bonne  fabricabilite 

Westinghouse 

NC181 

5 

1 

5 

*  (b) 

Stauffer 

SCb291 

10 

10 

IMI 

Sul6 

11 

3 

0,08 

2  Hf 

Bonne  fabricabilite 

Pechiney 

P311M 

* 

« 

* 

* 

* 

Assez  bon  soudage 

Al 

iages 

> 

a 

Caracteris 

tiques  Moyennes 

General  Electric 

AS55 

5-10 

1 

0,06 

0,6  Y(c) 

Bonne  fabricabilite 

Westingiouse 

B33 

5 

Bonne  fabricabilite 

Assez  bon  soudage 

Westinghouse 

B55 

5 

5 

Westinghouse 

B66 

5 

1 

5 

Bonne  fabricabilite 

Voir  references  (a)  (b,  ,j)  (page  29'. 


(Voir  page  suivante) 


Producer 

Refer¬ 

ence 

V 

G 

Mo 

omp 

Ti 

ositi 

Zr 

on 

V 

(% 

Ta 

) 

c 

Other 

General  remarks 

A 

ver 

ige 

-St  re 

th 

llloy 

s 

Du  Pont 

D31 

10 

10 

0.1 

Resistant  to 

oxidation ^ 

Du  Pont 

Do  2 

Du  Pont 

D33 

4 

Du  Pont 

D44 

10 

0.1 

Readily  formable 

General  Electric 

P50 

15 

5 

5 

1 

0.06 

02  =  0.04 

Resistant  to 

oxidation^ 

Pansteel 

PS8.2 

1 

33 

Resistant  to 

oxidation^a\  readily 

formable,  fairly  good 

•siding  properties 

Pan steel 

PS82B 

1 

33 

0.1 

Pansteel 

PS83 

5 

1 

33 

• 

Westinghouse 

NC31 

5 

1 

5  Hf 

Westinghouse 

NC32 

1 

1 

5  Hf 

Stauffer 

T1520 

15 

20 

Stauffer 

T2020 

20 

20 

Westinghouse 

VAM19 

2 

5  Hf 

Du  Pont 

X110 

10 

1 

0.1 

See  D43 

Li 

m-i 

Itreni 

f 

A 

loys 

Wah -Chang 

C103 

1 

0.5 

10  Hf 

Readily  formable,  fairly 

good  welding  properties 

Union  Carbide 

Cb6 

10 

8 

Readily  formable  at  R.T. 

Union  Carbide 

Cb22 

3 

3  A1 

Union  Carbide 

Cb24 

7 

3 

3  A1 

Union  Carbide 

Cb56 

1 

3 

3  A1 

Union  Carbide 

Cb65 

7 

0.8 

0.08 

Readily  formable  at  R.T. 

Resistant  to  oxidation 

Union  Carbide 

Cb67 

7 

1 

3 

3  A1 

Haynes  Stellite 

Cb751 

1 

Du  Pont 

Dll 

1 

Du  Pont 

D14 

5 

Du  Pont 

D36 

10 

5 

Readily  formable  at  R.T. 

Pansteel 

PS80 

0.8 

0.1 

Can  be  welded 

Westinghouse 

NC9 

5 

5 

Stauffer 

SCb990 

1 

- 1 

(a)  Hits  means  that  the  alloy  is  classed  as  one  of  the  best  niobium  alloys  for  resistance  to 
oxidation,  but  does  not  actually  imply  that  its  resistance  is  good. 


(b)  means  that  the  element  in  question  has  been  deliberately  added. 

(c)  added  before  melting. 


A 
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Producteur 

Designa¬ 

tion 

W 

Mo' 

Ti| 

Compc 

Zr 

si 

3 

tic 

Ta 

m  (%j 

C 

Autres 

Remarques  generates 

All 

iage. 

a 

^  1 
Caracter 

1 

is 

tic, 

jues  l 

1 oyenne •> 

Du  Pont 

D31 

10 

10 

0,1 

Resistance  4 

1*  oxydation(a) 

Du  Pont 

D32 

Du  Pont 

D33 

4 

Du  Pont 

D43 

10 

1 

0.1 

Bonne  fabricabilite 

General  Electric 

F50 

15 

5 

5 

1 

0,06 

02  =  0,  04 

Resistance  4 

1’  oxydation^ 

Fansteel 

FS82 

1 

33 

Bonne  fabricabilit.e 

Resistance  4 

1'  oxydation^ 

Assez  bon  soudage 

Fansteel 

FS82  B 

1 

33 

0,1 

Fansteel 

FS  33 

5 

1 

33 

* 

Westlnghouse 

NC31 

5 

5  Hf 

Westinghouse 

NC32 

1 

1 

5  Hf 

Stauffer 

T1520 

15 

20 

Stauffer 

T2020 

20 

20 

ffestinghouse 

VAM  19 

2 

5  Hf 

Du  Pont 

X110 

10 

1 

0,1 

Voir  D43. 

All 

iage 

\ 

s  a 

Ca 

•octet 

L 

itit 

jues  l 

loderees 

Wah  Chang 

cm 

1 

0.5 

10  Hf 

Bonne  fabricabilite 

Assez  bonne 

soudabilite 

Union  Carbide 

Cb6 

10 

8 

Bonne  fabricabilite 

a  froid 

Union  Carbide 

Cb22 

3 

3  A1 

Union  Carbide 

Cb24 

7 

3 

3  A1 

Union  Carbide 

Cb56 

1 

3 

3  A1 

Union  Carbide 

Cb65 

7 

0,8 

0,  08 

Bonne  fabricabilite 

4  froid.  Resistant 

4  1’  oxydation 

Union  Carbide 

Cb67 

7 

1 

3 

3  A1 

Haynes  Stellite 

Cb751 

1 

Du  Pont 

Dll 

1 

Du  Pont 

D14 

5 

Bonne  fabricabilite 

Du  Pant 

D36 

10 

5 

4  froid.  Soudable 

Fansteel 

FS8C 

0,8 

0,1 

Westinghouse 

NCii 

5 

5 

Stauffer 

SCb990 

L_l_ 

1 

4 

(a)  Cette  zvrarque  signifie  que  l'alliage  se  classe  parmi  les  neilleurs  alliages  de  niobium 
pour  L;  resistance  a  1’  oxidation,  sans  que  1’  on  puisse  cependant  considerer  que  cette 
resistance  a  1’  oxydntioo  soit  bonne. 

(b)  *  signifie  que  1' element  conside're'  est  volontairement  pre'sent. 

(c)  Addition  av«jt  fusion. 
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6.  PHYSICAL  PROPERTIES  OF  SOME  ALLOYS 


Alloy 

Density 
(lb/ in3) 

AS30 

BE] 

AS55 

wm 

B33 

0.306 

B66 

0.305 

B77 

0.319 

C103 

0.32 

C129 

0.34 

Cb22 

0.28 

Cb751 

0.31 

Cb752 

0.33 

D14 

0.31 

D31 

0.292 

D36 

0.286 

D41 

0.32 

D43 

0.33 

F48 

0.34 

F50 

0.33 

FS80 

0.31 

FS82 

0.37 

FS85 

0.39 

ScB291 

0.35 

Sul6 

0.34 

Thermal 
conductivity 
at  R.T. 

(Btu  ft/h  ft 2 
°F) 

Coeff.  o; 
Thermal 
expansion 
at  R.T. 
(micro¬ 
inch/  in 
°F) 

32.5 

4.2 

4.1 

24.2 

3.8 

4.0 

24.2 

4.1 

21.8 

4.0 

24.2 

3.8 

21.8 

5.0 

32.5 

4.3 

21.8 

4.1 

4.4 

Electn-  .. 

,  Absorptic 

cal  rests-  -  ,  r 

^  Total  cross- 

tivity  at 

H  j,  emiss-  section 

(microhm-  ivity  (barns/ 


Absorption 

cross- 

section 


0.065  21.8 

22.0 


(a)  6.64  at  -320°F. 


(b)  10.9  at  -320°F,  24.9  at  +210°F. 


(c)  at  2200°P. 


Electrical  superconductivity 


Critical 

temperature 

(°K) 


Critical 

field 

(kgauss) 


Niobium 


Alloys 


Nb  25%  Zr  coldworked 
Nb  35%  Zr  coldworded 
Nb  50%  Zr  coldworked 


Compounds 


Nb3Sn 

Nb3Al 
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S.  PROPRIETES  PHYSIQUES  DE  QUELQUES  ALLIAGES 


Alliage 

Densite 

(g/cm3) 

Temp,  de 
fusion 

(°C) 

Conduct, 
thermique 
a  20°C 
(cal/ cn i  s 
°C) 

Coeffi¬ 
cient  de 
dilatat. 
a  20°C 
(x  106) 

Chaleur 
specif ique 
a  2 0°C 
(cal/ g  °C) 

Resistiv. 
electrique 
(microhm-cm) 
h  20°C 

Emissi- 

vite 

totale 

Section 

de 

capture 

(barns/ 

atome) 

AS30 

9,70 

AS55 

8,85 

21,8(a) 

B33 

8,45 

2.  370 

0, 13 

7,55 

0,065 

1,5 

B66 

8,40 

2.  365 

7,40 

22,0(b) 

B77 

8,80 

C103 

6,85 

C129 

9,40 

Cb22 

7,75 

Cb751 

8,6 

2,400 

Cb7S2 

9,  C 

2.  420 

0, 10 

6,85 

0,069 

D14 

8.3 

2.175 

7,20 

0, 8(c) 

D31 

8,08 

2.  270 

0, 10 

7,40 

0,074 

2,2 

D36 

7,9 

1,925 

0,09 

7,20 

D41 

8,85 

D43 

9,15 

2.590 

F48 

9.4 

2.475 

0.10 

6,85 

F50 

9,12 

2.420 

0,09 

9.0 

PS80 

8,6 

2.395 

0,13 

0,065 

FS82 

10,26 

2.  500 

7,75 

FS85 

10,8 

2.580 

0,09 

7,40 

SCb291 

3,70 

2.590 

Sul6 

9.3 

7,84 

_ 

(d>  6,64  a  -193°C.  (0)  10,9  a  -195°C:  24,3  a  109°C.  (c)  a  1. 200°C. 


Supro£onductivite  electrique 


Temperature 

critique 

(°K) 

Champ 
cr it ique 
(kgauss) 

Niobium 

8,5 

2,5 

Nb  »•  P.5%  Zr  <£croui 

10,8 

70 

Alliagos  • 

Nb  +  35%  Zr  ioroni 

11,5 

80 

No  +  50$  Zr  doroyi 

9,3 

90 

'  Nb3Sn 

18 

190 

Composes  . 

NbgAl 

17 

NbN 

14,7 

NbC 

10,3 

_ 
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7.  MECHANICAL  PROPERTIES  OP  SCME  ALLOYS 


7.1  Tensile  Properties  at  High  Tenperatures  (Mean  values) 


Alloy 

State**) 

70°F 

mo°F 

2 200°F 

24 00°F 

2500°F 

YS 

(k 

UTS 
j  si) 

El. 

(%) 

YS 

(kp 

UTS 

si) 

El. 

(%) 

YS 

(kp 

ins 

si) 

El. 

(%) 

YS 

(kl 

UTS 

>si) 

El. 

(%) 

YS 

(kp 

ins 

si) 

El. 

(%) 

AS30 

D 

140 

170 

20 

81 

86 

12 

67 

72 

17 

60 

56 

B77 

D 

107 

132 

18 

40 

26 

30 

34 

C120 

D 

103 

115 

4 

20 

28 

50 

C132 

BF 

124 

137 

20 

61 

63 

23 

56 

57 

28 

(b)29 

40 

50 

BFR 

33 

41 

30 

28 

35 

48 

(b)21 

23 

63 

C129 

D 

100 

111 

16 

40 

50 

30 

20 

23 

65 

LE 

123 

132 

5 

in 

72 

86 

25 

30 

41 

42 

21 

24 

45 

Cb7 

BF 

140 

148 

4 

66 

72 

16 

41 

49 

18 

24 

28 

53 

Cb752 

D 

69 

84 

15 

31 

41 

25 

26 

36 

33 

17 

27 

32 

BF 

74 

90 

25 

47 

51 

18 

24 

41 

23 

18 

26 

42 

LR 

60 

80 

27 

31 

43 

28 

21 

33 

30 

17 

24 

45 

TR 

60 

77 

31 

60 

56 

Cb84 

D 

122 

132 

7 

57 

60 

12 

30 

34 

34 

Cb85 

60 

70 

15 

41 

46 

37 

CT2WZ 

D 

100 

no 

15 

64 

68 

14 

30 

36 

30 

17 

18 

56 

D41 

BF 

128 

130 

6 

53 

57 

26 

47 

50 

20 

28 

34 

33 

26 

35 

FR 

100 

107 

10 

46 

50 

15 

D42 

D 

86 

56 

F48 

LR 

110 

122 

16 

58 

66 

16 

26 

28 

47 

BF 

no 

122 

10 

58 

66 

19 

37 

40 

40 

23 

36 

29 

17 

31 

36 

L 

100 

no 

10 

40 

43 

25 

FS85 

D 

96 

106 

41 

46 

31 

23 

17 

LR 

69 

83 

20 

30 

37 

25 

17 

21 

55 

NC181 

51 

54 

5 

SCb291 

LR 

64 

72 

20 

24 

33 

24 

20 

30 

24 

16 

21 

25 

13 

18 

35 

BF 

33 

40 

AS55 

D 

66 

84 

22 

37 

40 

15 

27 

30 

24 

20 

13 

15 

44 

in 

56 

69 

28 

18 

37 

24 

15 

25 

50 

B33 

LE 

114 

130 

6 

32 

40 

12 

28 

32 

20 

23 

24 

30 

11 

13 

95 

D 

66 

81 

26 

in 

54 

78 

32 

30 

33 

34 

13 

14 

55 

(Continued) 


(a)  D  =  stress -relieved 

LR  =  recrystallized  sheet 
LE  =  coldworked  sheet 
L  =  plate 

TR  =  recrystallized  thin  sheet  (0.012  in  thick) 


BR  =  forged  bar 

PR  =  extruded  -  recrystarlized 

(b)  at  2600°P, 


I 


1 

1 


1 

} 

i 


7.  CARACTERISTIQUES  MECANIQUES  DES  PRINCIPAUX  ALLIACES 


7.1  Caract^ristiques  M^caniques  en  Traction  &  Chaud  (Valeurs  moyennes) 


Alliage 

£fat(a> 

20°C 

1.090°C 

4. 

200°C 

1.320°C 

1.370 °C 

LE 

(kg/ 

R 

m2) 

A 

(%) 

LE 

(kg/ 

R 

mm,2) 

A 

(%) 

LE 

(kg/ 

R 

mm2) 

A 

(%) 

LE 

(kg/ 

R 

m2) 

A 

(%) 

LE 

(kg/ 

R 

m2) 

A 

(%) 

AS30 

D 

100 

120 

20 

57 

60 

12 

47 

50 

17 

42 

39 

B77 

D 

75 

92 

18 

28 

18 

21 

34 

C120 

D 

72 

81 

4 

14 

20 

SO 

C132 

BP 

87 

96 

20 

43 

44 

23 

39 

40 

28 

(b)27 

28 

'50 

BPR 

23 

29 

30 

20 

25 

48 

{b)15 

16 

63 

Cl  29 

D 

70 

78 

16 

28 

35 

30 

14 

16 

65 

LE 

86 

92 

5 

LR 

50 

60 

25 

21 

29 

42 

15 

17 

45 

Cb7 

BP 

98 

104 

4 

46 

50 

16 

29 

34 

18 

17 

20 

53 

Cb752 

D 

48 

59 

15 

22 

29 

25 

18 

25 

33 

13 

19 

32 

BP 

52 

63 

25 

33 

36 

18 

17 

29 

23 

14 

18 

42 

LR 

42 

56 

27 

22 

30 

28 

15 

23 

30 

13 

17 

45 

TR 

42 

54 

31 

42 

39 

Cb84 

D 

85 

94 

7 

40 

42 

12 

21 

24 

34 

Cb85 

42 

29 

15 

29 

32 

37 

CT2WZ 

D 

70 

77 

15 

45 

48 

14 

21 

25 

30 

12 

14 

56 

D41 

BP 

89 

91 

6 

37 

40 

26 

33 

35 

20 

20 

24 

33 

18 

35 

PR 

70 

75 

10 

32 

35 

15 

D42 

D 

60 

39 

P48 

LR 

77 

85 

16 

41 

46 

16 

18 

20 

47 

BP 

77 

85 

10 

41 

46 

19 

26 

28 

40 

16 

25 

29 

12 

22 

36 

L 

70 

77 

10 

28 

30 

25 

PS85 

D 

67 

74 

29 

32 

22 

16 

12 

LR 

48 

58 

20 

21 

26 

25 

12 

15 

55 

NC181 

36 

38 

5 

SCb291 

LR 

45 

50 

20 

17 

23 

24 

14 

21 

24 

11 

15 

25 

9 

14 

25 

BP 

23 

28 

AS55 

D 

46 

59 

22 

26 

28 

15 

19 

21 

24 

14 

9 

11 

44 

LR 

39 

48 

28 

13 

26 

24 

11 

18 

50 

B33 

LE 

80 

91 

6 

22 

28 

12 

20 

22 

20 

16 

17 

30 

8 

9 

95 

D 

46 

57 

26 

LR 

38 

55 

32 

21 

23 

34 

9 

10 

55 

(Voir  page  suivante) 


(a)  D 
LR 
IE 
L 
TR 


etat  restaure 
t61e  recristallise'e 
t61e  ecrouie 
plateau  lamine' 

t61e  mince  (e  =  0,3  mm)  recristallisee 


BP  =  barre  forgee 

FR  =  file  -  recristallise 

(b)  k  1.430°C. 


Alloy 

State ^ 

70° F 

2000°F 

2200°F 

2m°F 

2500°F 

Q 

Wm 

sfl 

El. 

(%) 

II 

|g 

1 

El. 

(%) 

H 

| 

El. 

(%) 

EES 

53 

sp 

El. 

(%) 

o 

n 

M 

El. 

(%) 

B66 

D 

95 

114 

20 

58 

64 

28 

35 

40 

38 

25 

28 

52 

m 

22 

LR 

80 

102 

26 

41 

51 

38 

33 

38 

57 

20 

25 

71 

wM 

22 

BP 

88 

112 

30 

46 

54 

38 

37 

41 

38 

24 

27 

57 

TR 

76 

95 

32 

38 

50 

35 

23 

29 

70 

Cbl6 

D 

66 

74 

15 

27 

34 

40 

Cb20 

D 

128 

132 

3 

69 

74 

20 

25 

32 

17 

D14 

D 

62 

80 

15 

28 

38 

40 

25 

15 

21 

90 

ii 

15 

100 

Ut 

53 

62 

25 

D31 

BP 

85 

100 

35 

25 

30 

36 

10 

13 

85 

D 

120 

128 

33 

35 

12 

25 

27 

14 

20 

8 

11 

13 

PR 

85 

100 

25 

28 

25 

D43 

D 

78 

96 

47 

16 

25 

35 

17 

21 

25 

28 

13 

14 

31 

1R 

56 

76 

F50 

BP 

80 

124 

33 

50 

28 

28 

35 

35 

18 

21 

48 

FS82 

LE 

91 

100 

D 

80 

88 

15 

44 

51 

26 

25 

40 

15 

24 

11 

14 

75 

LR 

37 

56 

24 

30 

13 

19 

FS82B 

D 

80 

90 

15 

46 

8 

23 

33 

18 

11 

13 

53 

FS83 

D 

110 

15 

46 

34 

38 

16 

18 

25 

18 

PS85 

D 

96 

108 

14 

41 

46 

13 

30 

33 

25 

20 

24 

43 

15 

18** 

70 

LR 

69 

80 

30 

30 

35 

28 

24 

28 

32 

15 

18 

57 

T1520 

D 

103 

26 

35 

33 

21 

30 

10* 

48 

T2020 

D 

122 

26 

50 

27 

33 

34 

15* 

48 

C103 

D 

88 

94 

9 

18 

25 

63 

18 

10 

12 

92 

LR 

50 

57 

26 

18 

27 

45 

10 

12 

>70 

Cb6 

D 

21 

33 

44 

17 

52 

Cb22 

LE 

126 

133 

7 

32 

34 

88 

11 

13 

92 

Cb24 

D 

146 

154 

5 

25 

27 

78 

9 

10 

Cb56 

D 

32 

27 

52 

Cb65 

D 

85 

95 

20 

15 

23 

25 

15 

42 

LR 

56 

66 

35 

14 

17 

50 

Cb67 

25 

30 

52 

5 

7 

88 

Cb751 

D 

40 

50 

12 

11 

15 

29 

Dll 

LR 

34 

50 

25 

20 

23 

32 

7 

9 

62 

D36 

FR 

72 

80 

21 

LR 

60 

70 

20 

20 

23 

56 

14 

20 

80 

8 

10 

90 

PS80 

BP 

50 

60 

17 

LR 

47 

36 

21 

23 

14 

18 

17 

7 

9 

60 

D 

=  stress-relieved 

BP 

=  forged  bar 

LR 

=  recrystallized  sheet 

PR 

=  extruded  -  recrystalllzed 

LE 

=  coldworked  sheet 

L 

=  plate 

• 

tested  at  2800°P 

TO 

=  recrystallized  thin  sheet  (0.012  in  thick) 

** 

tested  at  2600°P. 

Alliage  Etat ^ 


1,  200°C 


1,320°C 


1, 370°C 


B6o 


Cbl6 

Cb20 

D14 

D31 


D43 

F50 

PS82 


FS823 

PS83 

PS85 

T1520 

T2020 

C103 

Cb6 

Cb22 

Cb24 

Cb56 

Cb65 

Cb67 

Cb751 

Dll 

D36 

PS80 


2 0°C 

i. 

090°C 

1,  200°C 

1,320°C 

1, 370°C 

Etat(a) 

n 

B 

HI 

P 

B 

P 

B 

P 

A 

19 

A 

mt 

(%) 

w 

(%) 

IU 

n 

(%) 

(%) 

||g 

iijyH 

(%) 

67 

80 

20 

41 

45 

28 

25 

28 

P 

20 

52 

14 

15 

LR 

56 

71 

26 

29 

36 

38 

23 

27 

H 

18 

71 

12 

15 

BP 

62 

78 

30 

32 

38 

38 

26 

29 

38 

17 

19 

57 

TR 

53 

67 

32 

27 

35 

35 

16 

20 

70 

! 

46 

52 

15 

19 

24 

40 

D 

Bill 

92 

5 

48 

52 

20 

18 

22 

17 

D 

43 

56 

15 

20 

27 

40 

18 

11 

15 

90 

8 

11 

100‘ 

LR 

37 

43 

25 

BP 

60 

70 

35 

IS 

21 

36 

7 

J3 

85 

IImB 

84 

90 

7 

23 

25 

12 

18 

19 

14 

14 

8 

8** 

13 

PR 

60 

70 

22 

18 

20 

25 

D 

55 

68 

16 

28 

33 

16 

18 

25 

17 

15 

18 

28 

9 

10 

31 

TR 

39 

53 

56 

86 

25 

23 

35 

28 

20 

25 

35 

13 

15 

48 

G4 

70 

3 

56 

62 

15 

31 

36 

26 

18 

28 

11 

17 

8 

10 

75 

LR 

26 

39 

24 

21 

9 

19 

D 

55 

63 

15 

28 

32 

8 

16 

23 

18 

8 

9 

53 

D 

77 

15 

32 

24 

27 

16 

13 

18 

18 

D 

68 

76 

14 

29 

32 

13 

21 

23 

25 

14 

17 

43 

11 

13** 

70 

LR 

48 

56 

30 

21 

25 

28 

17 

20 

32 

11 

13 

57 

D 

72 

26 

25 

33 

15 

30 

7* 

48 

85 

26 

35 

27 

23 

34 

11* 

13 

D 

62 

66 

9 

13 

18 

63 

13 

7 

8 

92 

LR 

35 

40 

26 

13 

19 

45 

7 

8 

>70 

D 

15 

23 

44 

12 

52 

LE 

88 

93 

7 

22 

24 

88 

8 

m 

92 

D 

103 

108 

5 

18 

19 

78 

6 

D 

22 

26 

52 

D 

60 

67 

20 

11 

16 

25 

42 

LR 

39 

46 

35 

10 

12 

50 

18 

21 

52 

4 

5 

88 

D 

28 

35 

12 

8 

11 

29 

LR 

24 

35 

25 

14 

16 

32 

5 

6 

62 

PR 

50 

56 

21 

LR 

42 

49 

20 

14 

16 

56 

10 

14 

30 

6 

7 

90 

BP 

35 

42 

17 

LR 

— 

33 

36 

_ 

15 

16 

14 

13 

17 

5 

6 

60 

7 . 2  Materials  Advisory  Board  Targets 


The  targets  set  by  the  Materials  Advisory  Board  are: 


Moderate  strength 

High  strength 

alloy 

alloy 

In  optimum  conditions 

Elongation  at  room  temperature  (%) 

15 

10 

Tensile  properties  (kpsi) 

2000°F,  YS  40,  UTS  50 

2200°P,  YS  40,  UTS  50 

2400°P,  YS  15,  UTS  20 

2600°P,  YS  15,  UTS  25 

UTS  notch  ratio  at  room  temperature 

1 

1 

Recrystallization  temperature 

2400 °P 

2800°P 

Ductjle-to-brittle  transition 

temperature  (in  bending) 

-90°P 

-40°F 

Bend  test  at  room  temperature 

base  metal 

1  T 

4  T 

welded  metal 

2  T 

6  T 

In  recrystallized  condition 

Elongation  at  room  temperature  (%) 

15 

10 

7.3  Creep  Properties 
7.3.1  Stress-Rupture 


Mean  values  (kpsi)  generally  on  stress-relieved  material 


Other 

temperatures 

lh 

lOh 

lk 

lOh 

lh 

lOh 

°F 

lh 

lOh 

AS10 

64 

50 

37 

46 

32 

23 

53 

47 

41 

30 

21 

AS55 

30 

18 

15 

Bo  3 

21 

15 

B66(r) 

37 

25 

25 

17 

11 

14 

7 

6 

377 

28 

21 

21 

Cl  29 
C132(k) 

28 

25 

17 

9 

C132M(k) 

25 

Cb7 

18 

14 

Cb26 

1 

15 

Cb752 

27 

21 

18 

EH 

17 

14 

15 

11 

D14 

6 

84 

15 

9 

9 

5 

IB  j$i 

6 

35 

25 

11 

10<e) 

E?  i?*! 

11 

D43 

32 

25 

18 W 

20 

14 

11 

9 

8 

2600 

9 

6 

for  references  (a)  -  (r)  see  page  38. 


(Continued) 
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7.2  Specifications  du  Materials  Advisory  Board 

Les  buts  4  atteindre  fixes  par  le  Materials  Advisory  Board  sont: 


Alliages  h  resistance 

Alliages  h  haute 

modiree 

rSsistance 

Dans  les  conditions  optima 

A  (%)  4  20° 

15 

10 

Cara:t4ristiques  en  traction 

4  1. 090°C  ..  LE  28  R  35 

4  1.  200°C  . .  LE  28  R  35 

(kg/mm2) 

4  1. 320°C  ..  LE  11  R  14 

4  1.  430°C  . .  LE  11  R  18 

(R  lisse)/(R  entaill4)  4  20°C 

1 

1 

Temperature  de  recristallisation 

1. 320°C 

1.  540°C 

Temperature  de  transition 

ductile-fragile  en  pliage 

-70°C 

-40°C 

metal  de  base 

1  T 

4  T 

Pliage  4  20° 

soudd 

2  T 

6  T 

Etat  recristallise,  A  (%)  4  20°C 

15 

10 

L_ 

7.3  Caract^ristignes  de  Fluage 


7.3.1  Rupture  Differee 

Valeurs  moyennes  (kg/mm2)  en  gdn^ral  sur  matdriau  restaur^ 


— 

. 

Autres 

| 

1.09QPC 

1.  200° C 

1,320°C 

temperatures 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

_ 

lOh 

lOOh 

(°C) 

lh 

lOh 

AS10 

45 

35 

26 

32 

22 

16 

AS30 

37 

33 

29 

21 

21 

15 

AS55 

21 

13 

11 

B33(r) 

15 

11 

B66 

26 

18 

18 

12 

8 

3 

4 

B77 

15 

11 

Cl  29 
C132(k) 

20 

18 

14(I) 

H 

1.430 

6 

C132M(k) 

17,5 

Cb7 

13 

10 

Cb26 

14 

11 

Cb752 

15 

13 

14 

12 

10 

8 

6 

D14 

8 

4 

11 

8 

6 

■Q 

6,3 

3 

4 

18 

13 

8 

7(e) 

■  1 

8 

D43 

22 

18 

l3(d) 

14 

10 

8 

6 

5,5 

1.430 

6 

4 

(Voir  page  suivante) 


voir  references  (a)  -  (r)  (page  39). 
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1 . 090°C 

1 .  200°C 

1.320°C 

Autres 

temperatures 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

(°C) 

lh 

lOh 

P44 

34 

26 

21 

F48 

35 

29 

25(ft) 

25 

17 

l4(g) 

l4(h) 

H(h) 

8(h) 

P50 

27 

19 

14 

17 

11 

8 

FS82 

18 

16 

12 

11 

8 

6 

5(h) 

4(h) 

2,5(h) 

FS85(b) 

22 

18 

13 

14 

9 

12 

8 

1.430 

9 

6 

SCb291 

1.480 

6 

1.000°C 

1 . 090°C 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

Cb56 

13 

9 

Cb65 

11 

7 

5 

Cb67 

11 

FS80(b) 

20 

14(0 

14 

13 

PS80(r) 

7 

(a)  21  kg/mm2  pour  l.OOOh 

(b)  e'croui 

(c)  10  kg/mn2  pour  l.OOOh 

(d)  10  kg/mm2  pour  l.OOOh 

(e)  5  kg/mm2  pour  l.OOOh 


(g)  8  kg/mm2  pour  l.OOOh 

(h)  essais  a  1, 370°C 

(k)  brut  de  retreint 

(l)  10,9  kg/mm2  pour  l.OOOh 
(r)  recristallise 


7. 3. 2  Fluage 

Les  rdsultats  dlsponibles  sont  d£j&  trds  nombreux,  mais  prdsentent  une  grande 
dispersion,  due  aux  diff ^rentes  qualitds  des  matdriaux  de  depart,  aux  conditions 
exp&'imentales  diverses. 

Les  tableaux  ci-aprds  rdsuuent  globalement  la  situation*  sur  matdriau  restaure 
d’  aprds  des  essais  de  longue  ou  courte  durde. 

Fluage  de  longue  duree.  Contraintes  en  kg/mm2. 


Fluage 

total 

Alliage 

TempSrature  (°C) 

980 

1.090 

1.200 

1.320 

1.370 

1  i  5%  • 
en 

lOOh 

P48 

AS55 

FS80 

PS82 

13 

9 

14 

7 

2 

' 

(Voir  page  suivante) 


*  I/apres  Battelle  Memorial  Institute 


l^asqm 


Fluage 

total 


Alliage 


Temperature  (°C) 


total 

muge 

980 

1,090 

1.200 

1.320 

1.370 

F48 

mu 

25 

13 

6 

14 

13 

10 

6 

PS82 

■ 

11 

3 

cu 

AS55 

mm 

6 

lun 

PS80 

mm 

7 

3 

D31 

ii 

6 

D36 

7 

P48 

32 

22 

11 

B66 

24 

14 

8,5 

C129 

18 

1  d  5% 

Cb752 

15 

12 

8 

en 

PS82 

14 

4 

lh 

AS55 

18 

i 

8 

B33 

12 

8 

3,5 

1,4 

D31 

14 

8 

FS80 

12 

_ 1 

4 

Fluage  de  courte  duree.  Contraintes  en  kg/mm2. 


Fluage 

total 


Alliage 


Temperature  (°C) 


1.090 


1.200 


1.320 


1.370 


1.430 


1.480 


1.650 


1.710 


1.870 


<  1% 
en  lh 


B66 

D 

Cb752 

■9 

SCb291 

Cl  29 

B33 

11 

D36 

3,5 

0,6 


1.4 

1.4 


0,9 

0,4 


0, 

0, 


1  d  5% 
en 
lh 


P48 

B66 

C129 

Cb752 

D36 

FS82 

B33 

D31 


32 

24 

18 

15 

14 

12 

8 


22 

14 

12 


11 


8.5 
8 
4 

3.5 


2,6 


1,4 


0,6 

2,1 

2,1 


>  5% 
en 
lh 


B66 

C129 

Cb752 

B33 


25 

21 

18 

13 


19 


10 


13 


2 

3,5 


3,5 


42 


V,  3 


The  following  considerations  emerge  from  these  two  tables: 

Alloys  with  low  creep  resistance  (but  better  than  pure  Nb  metal): 


U 


Cb751  -  Dll: 
B33 

D31  : 

D36  : 

FS82  : 


interesting  up  to  1800°F;  devoid  of  all  interest  at  1925°F 
and  over. 

same  comment  as  for  Nb-lZr  alloys  -  (Cb751). 

the  least  interesting  of  the  alloys  from  the  point  of  view  of 

creep  resistance, 

slightly  better  than  Nb-lZr  alloys. 


Alloys  with  moderate  creep  resistance: 

AS55  :  creep  resistance  very  interesting  up  to  1800°F. 

BG6 


Alloys  with  high  creep  resistance: 

C129 

Cb752  :  retains  good  creep  resistance  up  to  2400°F. 

FS85  :  equivalent  to  Cb752  up  to  2000°F. 
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Alloy  with  very  high  creep  resistance: 

F48. 

7. 4  Young*  s  Modulus  (millions  of  psi) 

(Measured  in  static  tensile  test) 


Alloy 

Temperature  (°F) 

70 

1800 

2000 

2200 

2m 

2600 

2800 

3000 

B33 

16 

15 

B66 

15 

12 

7.8 

4.8 

C103 

12.6 

6.5 

C129 

16 

13 

11.2 

8 

Cb751 

15 

Cb752 

15.7 

D14 

13.8 

11.5 

D31 

16.6 

9.3 

8.8 

7 

6 

D36 

16.6 

F48 

25 

19 

17 

15 

14 

F50 

24 

17 

15 

13 

10 

FS80 

15.5 

2.8 

2 

0.8 

FS82 

17.2 

11.4 

10 

7.2 

5 

FS85 

20 

19 

18 

16 

15 

12 

I 


s 
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XI  ressort  de  ces  deux  tableaux  les  considerations  suivantes: 


Alliages  a  resistance  au  fluage  faible  (mais.  superieure  &  celle  du  Nb  non  allie): 


Cb751  -  Dll: 
B33 

D31  : 

D36  : 

FS82  : 


interessants  jusqu’  k  980°C;  peident  tout  int^rdt  a  1.050°C  et  en 
dessus. 

m6me  remarque  que  pour  les  Nb-lZr  -(Cb751). 

le  moins  interessant  des  alliages  du  point  de  vue  resistance  au 

fluage. 

legerement  meilleur  que  les  Nb-lZr. 


Alliages  a  resistance  au  fluage  moderee: 

AS55  :  resistance  au  fluage  tr£s  interessante  jusqu* 4  980°C. 

B66 


Alliages  a  resistance  au  fluage  e levee: 

C129 

Cb752  :  conserve  une  bonne  resistance  au  fluage  jusqu*  k  1.320°C. 

FS85  :  equivalent  au  Cb752  jusqu'  &  1.100°C. 
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Alliage  a  resistance  an  fluage  tres  elevee: 
F48. 


7.4  Module  d’Elasticite  (kg/mm2) 
(Mesures  statiques  en  traction) 


Alliage 

Temperature  (°C) 

20 

980 

1.090 

1.200 

1,320 

1.430 

1.540 

1.650 

B33 

11.100 

10.  500 

B66 

10. 500 

8.400 

5.500 

3.400 

C103 

8.800 

4.500 

C129 

11.  200 

9.300 

7.800 

5. 700 

Cb751 

10. 500 

Cb752 

11.000 

D14 

9.600 

8. 100 

D31 

11.600 

6.500 

6.200 

4.900 

4.  200 

D36 

11.600 

F48 

17. 500 

13.500 

11.  500 

10.600 

9.700 

p50 

16.800 

11.900 

10.500 

9.000 

7.000 

FS80 

11.000 

2.000 

1.400 

560 

FS82 

12. 000 

8.000 

7.000 

5.000 

3.500 

FS85 

14. 000 

13.300 

12.600 

11.200 

10. 500 

8,400 

1 


j 


3 

I 


I 


t 


f 
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7.5  Stress  Relief  and  Recrystallization 

Thermal  treatment  conditions  for  stress  relief  depend  very  much  on  hotfcthe  material 
has  been  processed.  The  following  table  shows  the  customary  practice  for  various 
alloys. 

Recrystallization  temperature  also  depends  on  the  processing  history  of  the  metal 
as  well  as  its  impurity  content,  etc.  The  values  given  below  are  for  metals  of 
ordinary  marketable  standards  of  purity. 


Alloy 

Recrys tallizat ion 
temperature 

m  (°f) 

Stress  relief  treatment 
temperature  (°F) 

AS30 

* 

_ 

lh/2000 

(extruded  bar) 

AS55 

E 

2500 

lh/1800 

(extruded  bar) 

B33 

E  90% 

2000 

lii/1850 

(sheet) 

B66 

E  85% 

2450 

lh/2000- 

-1800 

B77 

2700 

C103 

E 

2250 

lh/1600 

C120 

2700 

C129 

E 

2250 

lh/1800 

(sheet) 

C132 

2950 

Cbl6 

2550 

Cb65 

(E 

2200 

Cb752 

F 

[E 

2500 

2300 

lh/1800 

-  lh/2200 

D14 

G 

/ 

2100 

lh/1950 

(sheet) 

D31 

|F 

IE 

2400 

2100 

lh/1750 

(sheet) 

D36 

E 

2100 

D41 

F 

2550 

D43 

E 

2400 

lh/2000 

(sheet) 

F48 

F 

3350 

lh/2200 

(sheet  and  bar) 

F50 

F 

3100 

lh/2000 

(bar) 

FS80 

E 

2200 

jlh/1550 

(sheet  -  forgings) 

jlh/1800 

(tube) 

FS82 

E 

2200 

lh/1900 

(sheet) 

FS82B 

2200 

FS85 

E  95% 

2300 

ih/1850 

(sheet) 
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E 

2300 

lh/1800 

(sheet) 

E  =  coldworked  alloy 

F  =  extruded  bar. 

7.6  Ductile- to -Brittle  Transition  Temperature 

For  most  alloys,  the  ductile-to-brittle  transition  temperature  is  distinctly 
higher  than  for  pure  niobium  metals  but  is  still  below  room  temperature.  As  in  the 
case  of  pure  niobium  metal,  it  is  also  greatly  dependent  on  factors  such  as:  previous  heat 
treatment;  content  of  interstitials  (hydrogen  in  particular);  grain  size;  method  of 
deformation  (bending,  tensile  or  impact  testing  and  whether  with  notched  or  unnotched 
specimen);  rate  of  deformation  (slow  or  rapid). 


7.5  Restauration  et  Recrlstallisatlon 


Les  conditions  de  traitement  thermique  de  detente -restauration  dependent  fortement 
de  la  fagon  dont  a  4t4  transform^  le  mat^riau.  Le  tableau  ci-apr&s  donne  les  pratiques 
les  plus  courantes  pour  les  principaux  alliages. 

La  temperature  de  recrlstallisatlon  depend  dgalement  de  1’  historique  is.  la 
transformation  du  metal,  de  sa  teneur  en  impuretes,  etc.  Les  valeurs  incfcquees  ci- 
dessous  concerne  le  materiau  de  purete'  commerciale  courante. 


Temperature 

Traitement  de 

Alliage 

recristallisation 

detente -restauration 

(ih) 

(°C) 

(°C) 

AS30 

_ 

lh/1. 090°  (file) 

AS55 

E 

1.380 

lh/980°  (file) 

B33 

E  90% 

1.090 

lh/1. 010°  (tfile) 

B66 

E  85% 

1.350 

lh/1.090°-980° 

B77 

1.480 

C103 

E 

1.220 

lh/870° 

C120 

1.480 

C129 

E 

1.220 

lh/980°  (tflle) 

C132 

1.620 

Cbl6 

1.400 

Cb65 

E 

1.200 

Cb752 

F 

[E 

1.370 

1.260 

lh/980°  -  lh/1.  200° 

D14 

E 

1.150 

lh/1. 070°  (tOle) 

D31 

[f 

E 

1.320 

1.150 

lh/950°  (tole 

D3o 

E 

1.150 

D41 

F 

1.400 

D43 

E 

1.320 

lh/1. 090°  (tdle) 

F48 

F 

1.860 

lh/1.  200°  (tdle  et  barre) 

F50 

F 

1.700 

lh/1.  090°  (barre) 

FS80 

E 

1.200 

< 

lh/900°  (tele  -  forgd) 
lh/980°  (tube) 

FS82 

E 

1.200 

lh/1. 040°  (t&le) 

FS82B 

1.200 

FS85 

E  95% 

1.270 

lh/1. 010°  (tflle) 
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E 

1,200 

lh/980°  (tele) 

E  = 

=  alliage  ecroui  &  froid 

F  =  produit  fild. 

7.6  Teopdrature  de  Transition  Ductile-Fragile 

Pour  la  plupart  des  alliages,  la  temperature  de  transition  ductile-fragile  est 
nettement  superieure  &  celle  du  niobium  non  allie,  mais  reste  cependant  inferieure  a 
la  temperature  ambiante.  En  outre,  cette  temperature  depend  fortement,  comme  dans  le 
cas  du  niobium  non  allie,  de  facteurs  tels  que:  etat  de  traitement  thermique,  teneurs 
en  impuretes  interstitielles  (particulierement  hydrogene),  grosseur  du  grain,  mode  de 
deformation  (pliage  -  traction  -  impact  -  eprouvette  lisse  ou  entailiee),  vitesse  de 
deformation  (lente  ou  rapide). 


The  following  table  gives  a  few  representative  values  of  transition  temperature 
(in  °P): 


( - 

Alloy 

State 

Type  of  test 

Bending 

ESSSeII 

■ 

mm 

AS30 

Stress-relieved 

32 

AS55 

Stress -relieved 

<70 

B33 

Stress -relieved  lh/1825 

<-320 

Annealed  lh/2000 

<-320 

<-320*a) 

B66 

Stress -relieved  lh/2000 

<-320 

<-320(b) 

Annealed  lh/2500 

-320(c) 

C103 

As  rolled 

<-100 

<-100 

<-100 

Stress-relieved  lh/1600 

<-320 

C129 

Stress -relieved  lh/1800 

<-320 

Annealed  lh/2400 

-280 

Annealed  lh/2800 

-200 

Cb751 

As  rolled 

-110 

-100 

-100 

Stress-relieved  lh/1650 

-90 

<-100 

-100 

Annealed  lh/2200 

-75 

<-100 

<-100 

Cb752 

Annealed  lh/2200 

<-320 

Annealed  lh/2800 

-150 

D14 

Annealed 

<70 

Stress-relieved 

<70 

D31 

Stress-relieved 

<70 

-240 

Annealed(d) 

<70 

+120 

Annealed*^ 

+410 

D36 

Stress -relieved 

<70 

D41 

Drawn.  Stress-relieved 

+70 

+70 

D43 

Stress -relieved 

<-100 

P48 

Stress-  relieved  lh/2200 

-40 

+210 

-40 

+70 

Annealed  lh/2900 

+400 

+130 

+250 

P50 

Stress-relieved 

-40 

PS80 

Annealed 

<70 

PS82 

Stress -relieved 

lh/1900 

-70 

-70 

FS85 

Coldworked 

Stress-relieved 

► 

<-320 

Annealed 

SC'd291 

Annealed  lh/2200 

-20 

(a)  Elongation  :  33%  at  -  320°P 

(b)  Elongation  :  13%  at  -  320°F 

(c)  Elongation  :  7%  at  -  320°F 


(d)  400  ppm  interstitials 
(el  1200  ppm  interstitials 


Le  tableau  ci-apr&s  donne  quelques  valeurs  Indicatives  de  la  temperature  de 
transition  (en  °C): 


Alliage 

Etat 

Type  d’essai 

Pliage 

Risil 

non 

entaille 

ience 

avec 

entaille 

Trac 

non 

entaille 

tion 

avec 

entaille 

AS30 

Restaur^ 

AS55 

Restaur^ 

B33 

Restaur^  lh/1.000o 

1 

<-195° 

Recuit  lh/1. 090° 

<-1950(a) 

B66 

Restaur^  lh/1. 090° 

<-1950(b) 

Recuit  lh/1. 370° 

-1950(c) 

C103 

Brut  de  laminage 

<-75° 

<-75° 

<-75° 

Restaurd  lh/870 

0 

<-195° 

C129 

Restaurd  lh/980 

0 

<-195° 

Recuit  lh/1. 320° 

-170° 

Recuit  lh/1. 540° 

-125° 

Cb751 

Brut  de  laminage 

O 

o 

CO 

t 

-75° 

-75° 

Restaur^  lh/900 

0 

1 

o 

o 

<-75° 

-75° 

Recuit  lh/1. 200° 

-60° 

<-75° 

<-75° 

Cb752 

Recuit  lh/1. 200° 

<-195° 

Recuit  lh/1. 540° 

o 

o 

o 

rH 

t 

D14 

Recuit 

Restaur^ 

D31 

Restaurd 

O 

o 

OJ 

V 

O 

O 

to 

vH 

t 

Recuit(d) 

<20° 

+  50° 

Recuit^ 

+210° 

D36 

Restaurd 

<20° 

D41 

File  -  Restaurd 

+20° 

+20° 

D43 

Restaur^ 

<-75° 

F48 

Restaur^  lh/1. 200° 

-40° 

+20° 

Recuit  lh/1, 600° 

+120° 

F50 

Restaur^ 

-40° 

FS80 

Recuit 

<20° 

FS82 

Restaurd  lh/1. 030° 

-55° 

-55° 

FS85 

Ecroui  &  froid 

Restaur^ 

<-195° 

Recuit 
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Recuit  lh/1. 200° 

-30° 

(a)  A  (%)  de  rupture  :  03%  a  -  195° 

(b)  A  (%)  de  rupture  :  13%  a  -  195° 

(c)  A  (%)  de  rupture  :  7%  a  -  195° 


(d)  400  ppm  d’  interstitiels 

(e)  1,200  ppm  d’  interstitiels 
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8.  CORROSION  OF  ALLOYS  BY  GASES,  CHEMICALS 
AND  LIQUID  METALS 

8.1  Resistance  to  Oxidation.  General 

Very  intensive  research  has  been  conducted  with  the  object  of  defining  the  action 
of  additives  on  the  resistaice  of  niobium  to  oxidation  at  high  temperatures  and  to 
try  to  improve  it. 

It  is  known  that  the  oxidation  of  niobium  is  progressive  because  the  layer  of 
Nb205  cracks  and  splits  above  a  certain  thickness.  The  additives  must  therefore: 

reduce  the  number  of  faults  in  the  oxidised  layer  and  accommodate  it  to  the 
base  metal; 

improve  the  mechanical  properties  of  the  layer  of  oxide  and  densify  it: 

stabilise  the  oxide  phases  as  lower  oxides  NbO  or  Nb02. 

The  action  of  added  elements  on  resistance  to  oxidation  in  air  may  be  summed 
up  as  follows: 


Element 

Contt 

(at/%) 

nt 

(%) 

Gain  in  weight  (mg/cmz  h) 

! 

1100°F 

" emperature 
im°F 

1830°F 

Nb  pure  metal 

— 

5 

35 

25 

Ti 

10 

5.2 

0 

12 

10 

25 

13 

- 

1 

_ 2_ 

Cr 

10 

5,6 

2 

10m 

14® 

15 

8,4 

1 

2 

1! 

V 

10 

5,5 

(T 

l! 

3® 

15 

8,2 

l 

2 

10 

A1 

1 

0,3 

5 

40 

19 

Si 

1 

0,4 

4 

50 

20® 

2 

0,8 

gin 

75 

50 

Mo 

8 

8,2 

o® 

2m 

£ 

15 

15,5 

1 

3 

20 

W 

3 

6 

6 

40 

60 

10 

20 

gm 

12 

22 

Ta 

2 

4 

9 

30® 

70 

10 

19,4 

10 

40 

20® 

25 

49,5 

5 

30 

60 

Zr 

2 

2 

8 

60 

135 

10 

10 

1 

25 

- 

20 

20 

0 

10 

- 

“m”  signifies  that  the  minimum  oxidation  rate  is  given 
by  the  content  in  question. 


8.  CORROSION  DES  ALLIAOES  PAR  LES  GAZ,  PRODUITS 
CHIMIQIIES,  METAUX  FONDLS 

8.1  Resistance  a  1’ Oxydation.  G^n^ralit^s 

Des  Etudes  tr6s  intensives  ont  4td  effectudes  pour  drffinir  1’  action  des  elements 
d’  addition  sur  la  resistance  &  1’  oxydation  &  haute  temperature  du  niobium,  et  tficher 
de  1’  ameiiorer. 

On  salt  que  1*  oxydation  du  niobium  progresse  du  fait  que  la  couche  de  Nb205  se 
craquelle  et  se  d^lite  au-dessus  d’  une  certaine  dpaisseur.  Les  elements  d’  addition 
doivent  done: 

rdduire  le  nombre  des  ddfauts  de  la  couche  oxyd^e  et  1’  accommoder  au  metal 
de  base; 

ameiiorer  les  caracteristiques  mecaniques  de  la  couche  d'  oxyde  et  la  densifier; 
stabiliser  les  phases  oxydes  en  oxydes  faibles  NbO  ou  Nb02. 

V  action  des  elements  d’ addition  sur  la  resistance  a  1’ oxydation  dans  l’air  peut 
se  resumer  comme  suit: 
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Generally  speaking,  it  may  be  said  that: 

To  reduce  the  oxidation  rate  (which  nevertheless  always  increases  linearly  with 
time),  the  following  elements  are  somewhat  effective:  Titanium,  Mo  (5  at/%), 

Cr  (15  at/%),  V  (10  at/%),  Zr  (15-35  at/%)  (but  low  contents  are  harmful). 

A1  (1  at/%).  Tantalum  has  little  effect  but  is  bad  on  the  whole.  Elements  such 
as  Ni,  Co,  Mn,  Be,  Pe,  B  and  Si  have  little  significant  effect. 

But  it  should  be  noted  that: 

The  addition  of  certain  elements  may  be  unadvisable  from  the  point  of  view  of 
mechanical  strength  at  high  temperatures  (Ti)  or  formability  (Cr,  V,  Al); 

Oxidation  rates  are  still  very  high  and  such  alloys  are  useless  in  practice 
without  protective  coatings. 

To  improve  resistance  to  internal  contamination  by  oxygen  the  most  suitable 
elements  are  Ti,  Zr  (particularly  with  35  at/%),  Cr.  Vanadium  is  fairly 
effective. 

The  effects  of  Mo,  W,  Ta,  etc.  are  negligible. 

To  reduce  the  diffusion  rate  of  oxygen,  additions  of  Zr  (35  at/%)  or 
Ti  (25-35  at/%)  are  particularly  effective.  The  addition  of  V  (25  at/%)  or 
Cr  (20  at/%)  also  produce  a  considerable  improvement  but  such  alloys  are  very 
brittle. 

A  general  idea  of  the  behaviour  of  niobium  alloys  is  given  by  the  following 
table: 


Gain  in  weight  (mg/ cm2) 
after  lOOh  in  oxygen 

147 0°F 

1830°F 

-  _ 

2200°F 

Niobium  pure  metal 

3600 

6000 

24, 000 

Single-phase  alloys  of  niobium 

20-50 

70-100 

200 

Two-phase  alloys  of  niobium 

8 

12 

16 

Stainless  steel 

9 

10 

800 

Haynes  Stellite  HS  31 

0.5 

10 

30 

Tungsten 

600 

6000 

60, 000 
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Dans  1’  ensemble,  on  peut  dire  que: 

Pour  reduire  la  vitesse  d'oxydation  (qui  reste  cependant  toujours  linAaire  en 
fonctlon  du  temps),  les  eiAments  relatlvement  efficaces  sont:  Titane,  Mo  (5  at/%), 
Cr  (15  at/%),  V  (10  at/%),  W  (10  at/%),  Zr  (15  A  35  at/%)  (mais  nAfaste  aux 
faibles  teneurs),  Al  (1  at/%).  Le  tantale  a  peu  d’ action,  dans  1’ ensemble 
nAfaste.  Les  AlAments  tels  que  ill,  Co,  Mn,  Be,  Pe,  B,  Si,  ont  Agalement  une 
action  peu  marquee. 

Mais  on  remarquera  que: 

L*  addition  de  certains  AlAments  peut  £tre  dAfavorable  du  point  de  vue  de  la 
resistance  mAcanique  A  chaud  (Ti)  ou  de  la  fabricabilitA  (Cr,  V,  Al); 

Les  vitesses  d’  oxydation  sont  encore  trAs  importantes  et  que  de  tels  alliages 
sont  inutilisables  en  service  sans  avoir  recours  A  des  revAtements  protecteurs. 

Pour  ameliorer  la  resistance  a  la  contamination  interne  par  I'oxygene,  les 
dldments  favorables  sont  Ti,  Zr  (particuliArement  avec  35  at/%),  Cr.  Le  Vanadium 
a  quelque  efficacite. 

Mo,  W,  Ta,  etc.  n'ont  qu’une  influence  neglige  able. 

Pour  reduire  la  vitesse  de  diffusion  de  I'oxygene,  les  additions  de  Zr  (35  at/%) 
ou  Ti  (25*35  at/%)  sont  particuliArement  efficaces.  L’  addition  de  V  (25  at/%) 

Cr  (20  at/%)  procure  Agalement  une  forte  amelioration,  mais  de  tels  alliages 
m,  trAs  fragiles. 

Une  id A?  gAnArale  du  comportement  des  alliages  de  niobium  est  donnAe  dans  le 
tableau  suivant: 


Gain  de  poids  (mg/ cm2) 
apres  lOOh  dans  I’oxygene 

800°C 

1.000°C 

1.  200° C 

Niobium  non  alliA 

3.600 

6.000 

24. 000 

Alliages  de  Nb  A  une  seule 

phase 

20-50 

70-100 

200 

Alliages  de  Nb  A  deux  phases 

8 

12 

16 

Acier  inoxydable 

9 

10 

800 

Haynes  Stellite  HS  31 

0,5 

10 

30 

TungstAne 

600 

6.000 

60.  000 
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8.1.1  Resistance  to  Oxidatiu  Some  Common  Alloys 


Alloy 

Depth  of 
contamination 
(mils)  after 
lOh  at  2200°F 
in  air 

Resistance  to  oxidation  assessed  according 
to  gain  in  weight 

Nb  metal 

520 

B33 

Oxidation  rate  equivalent  to  that  of  Nb  pure  metal 

B66 

Oxidation  rate  equivalent  to  that  of  Nb  pure  metal 

Cb6 

Average 

Cb7 

16 

Good  but  still  inadequate 

Cbl6 

8 

Good  but  still  inadequate 

Cb65 

56 

Fairly  good 

Cb74 

Poor 

Cb752 

Poor 

D14 

Oxidation  rate  equivalent  to  that  of  Nb  pure  metal 

D31 

28 

Fairly  good  -  oxidation  rate  10  times  slower  than 

that  of  Nb  pure  metal 

D36 

Fairly  good  -  oxidation  rate  10  times  slower  than 

that  of  Nb  pure  metal 

D41 

12 

Fairly  good 

F48 

76 

Poor 

F50 

32 

Fairly  good 

FS82 

144 

Fairly  good 

8.2  Resistance  to  Water  and  Water  Vapour 

Attempts  have  been  made  to  improve  the  resistance  of  niobium  to  corrosion 
simultaneously  with  its  mechanical  properties  at  high  temperatures,  with  a  view  to 
to  nuclear  applications. 

In  water  vapour  at  1000°F  under  a  pressure  of  1500  psig,  additions  of  Al,  Fe, 

Mo  and  Zr  are  harmful,  whereas  additions  of  Ti,  V,  and  Cr  are  favourable.  After  a 
190  days’  test,  an  alloy  containing  13.5%  Ti,  8%  V  and  6%  Cr  gives  a  gain  in  weight 
of  227  mg/cm 2  (i.e.  appreciably  less  than  the  gain  for  Zircaloy  2  tested  at  750°F). 
With  vanadium  additions  of  more  than  5%,  resistance  is  particularly  good  up  to  1100°F. 

8.3  Resistance  to  Chemicals 

Generally  speaking,  alloys  are  less  resistant  to  corrosion  by  the  common  chemicals 
than  pure  niobium  metal. 

8.4  Resistance  to  Liquid  Metals 

Niobium  alloys  are  generally  less  resistant  to  this  form  of  corrosion  than  pure 
niobium  metal.  Yet  the  alloy  Nb-lZr  shows  an  equivalent  or  even  better  resistance 
in  liquid  Na  (except  in  the  welds,  where  intergranular  corrosion  is  observed)  and 
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8.1.1  Risistance  a  I'Oxydation  des  Principaux  Alliages 


Alliage 

Profondeur  de 
contamination 
(mm)  apres 
lOh  a  1,  200° C 
dans  I'air 

Resistance  a  I'oxydation  d’apres  gain  de  poids 

Nb  non  allie 

13 

B33 

Vitesse  d’  oxydation  equivalente  k  celle  du  Nb  non  allie 

B66 

Vitesse  d'  oxydation  equivalente  &  celle  du  Nb  non  allie 

Cb6 

Moyenne 

Cb7 

0,4 

Bonne,  mais  encore  insuffisante 

Cbl6 

0,2 

Bonne,  mais  encore  insuffisante 

Cb65 

1.4 

Assez  bonne 

Cb74 

Paible 

Cb752 

Paible 

D14 

Vitesse  d’  oxydation  equivalente  k  celle  du  Nb  non  allie 

D31 

0,7 

Assez  bonne,  vitesse  d’  oxydation  10  fois  plus  faible 

que  celle  du  Nb  non  allie 

D36 

Assez  bonne,  vitesse  d* oxydation  10  fois  plus  faible 

que  celle  du  Nb  non  allie 

D41 

0.3 

Assez  bonne 

P48 

1.9 

Faible 

P50 

0,8 

Assez  bonne 

PS82 

3,6 

Assez  bonne 

8.2  Resistance  k  1*  Eau  et  k  la  Vapeur  d’  Eau 

On  a  cherche  k  ameiiorer  la  resistance  &  la  corrosion  du  niobium,  en  m£me  temps  que 
ses  caracteristiques  mecaniques  a  haute  temperature,  en  vue  d’ applications  nucldaires. 

Dans  la  vapeur  d’ eau  4  540°C,  sous  105  kg/cm2  de  pression,  les  additions  de  Al, 

Fe,  Mo,  Zr  sont  nefastes;  les  additions  de  Ti,  V,  Cr  sont  favorables.  Apr&s  190  jours 
d’  essai,  un  alliage  contenant  13, 5 %  Ti  -  8%  V  -  6%  Cr,  donne  un  gain  de  poids  de 
227  mg/cm2  (soit  sensiblement-  moins  que  le  gain  de  poids  du  Zircaloy  2  teste  a  400°C). 
Avec  des  additions  de  vanadium  superieures  k  5%,  la  resistance  &  1’  attaque  est 
particulierement  bonne  jusqu’  k  600°C, 

8.3  Resistance  aux  Produits  Chimiques 

En  general,  la  resistance  a  la  corrosion  des  alliages  est  inferieure  k  celle  du 
niobium  non  allie. 

8.4  Resistance  aux  Metaux  Fondus 

En  general  la  resistance  4  la  corrosion  des  alliages  est  inferieure  4  celle  du 
niobium  non  allie.  Cependant,  r  alliage  Nb  -  1  Zr  a  une  resistance  equivalente  et 
m§me  meilleure  dans  le  Na  fondu  (sauf  dans  les  soudures  oil  r  on  note  une  corrosion 


in  liquid  Li  (it  is  not  contaminated  by  lithium  containing  up  to  2300  ppm  of 
oxygen  and  an  alloy  containing  3600  ppm  of  oxygen  stands  up  very  well  at  1  500 °F) . 


The  alloy  B33  resists  corrosion  in  liquid  Na  better  than  pure  niobium  metal. 
The  alloy  D33  shows  little  resistance  to  liquid  K  at  2200°P. 


9.  FABRICATION 
9. 1  Welding 


Alloy 

Welding  properties 

Nb-lZr 

Good  under  very  pure  atmosphere.  Ductility  very  similar  to  that  of 
base  metal. 

AS30 

Poor 

AS55 

Good.  But  welds  become  fragile  on  heating  to  about  1750°F. 

B33 

Good.  Ductile-to-brittle  transition  temperature  in  bend  test  -240°f. 

B66 

Fairly  good.  Does  not  bend  on  2T.  Transition  temperature  +15°F 
(bend  test  3T). 

B77 

Welding  properties  inferior  to  those  of  B66. 

C103 

Good.  Ductility  of  welds  equal  to  that  of  base  metal. 

Cl  29 

Fairly  good.  Ductile-to-brittle  transition  temperature  +90°F.  Heat 
treatment  needed  after  welding.  Does  not  bend  on  2T. 

Cb752 

Fairly  good.  Ductile-to-brittle  transition  temperature  -150°F. 

D14 

Good. 

D31(b) 

Arc  welding  impossible  in  principle.  Controlled  atmosphere  welding  has 
given  joints  with  a  transition  temperature  of  +550°F,  which  is  reduced 
to  +105°F  by  heat  treatment  at  2100°F  for  24  hours. 

Some  acceptable  welds  may  be  obtained  by  resistance  welding  or  by  high¬ 
speed  electron  beam  (transition  temperature  +250°F).  Flash-welding 
is  possible. 

(Continued) 


intergranulaire)  et  dgalement  dans  Li  fondu  (il  n* est  pas  contamind  par  du  lithium 
contenant  jusqu’  4  2.300  ppm  d’ oxygdne  et  un  alliage  contenant  3.600  ppm  d’ oxygdne 
rdsiste  encore  trds  bien  &  820°C). 


L* alliage  B33  a  one  resistance  k  la  corrosion  dans  le  Na  fondu  supdrieure  k  celle 
du  niobium  non  a! lid. 

L’ alliage  D33  rdsiste  mal  &  K  fondu  &  1,200°C. 


9.  MISE  EN  OEUVRE 


9. 1  Soudage 


Alliages 

Soudabilite 

Nb-lZr 

Bonne  sous  atmosphdrt  trds  pure.  Ductilitd  tres  voisine  de  celle  du 
metal  de  base. 

AS30 

Mauvaise. 

AS55 

Bonne.  Cependant  les  soudures  se  fragilisent  par  chauffage  vers  950°C. 

B33 

Bonne.  Tempdrature  de  transition  ductile-fragile  en  pliage  -150°C. 

B66 

Assez  bonne.  Ne  se  plie  pas  k  2T.  Tempdrature  de  transition  -10°C 
(pliage  3T)  .• 

B77 

Soudabilitd  infdrieure  A  celle  du  B66. 

C103 

Bonne.  Ductilitd  des  soudures  dquivalente  k  celle  du  mdtal  de  base. 

C129 

Assez  bonne.  Tempdrature  de  transition  ductile -fragile  +30°.  Un 
traitement  thermique  est  ndeessaire  aprds  soudage.  Ne  se  plie  pas  a 

2T. 

Cb752 

Assez  bonne.  Tempdrature  de  transition  ductile -fragile  -100°C. 

D14 

Bonne. 

D31(b) 

s 

|Non  soudable  A  1’ arc  en  principe.  Par  soudage  en  chambre  dtanche,  on 
’  a  obtenu  des  soudures  ay ant  une  tempdrature  de  transition  de  +290°C, 
ramende  &  +40°  par  traitement  thermique  de  24h  k  1. 150°C. 

Quelques  soudures  acceptables  peuvent  §tre  obtenues  par  soudage  par 
rdsistance  ou  par  bombardement  dlectronique  A  haute  vdlocitd 
(tempdrature  de  transition  +120°C).  Possibilitd  de  flash -welding. 

Alloy 

Welding  properties 

D36 

Good.  Transition  temperature  -270°P.  Behaves  better  than  B66  or  Cb752. 

D41 

Poor. 

D43 

Fairly  good. 

P48 

Poor.  Transition  temperatures  of  +350°P  for  controlled  atmosphere 
welding  and  +250°P  for  electron  beam  welding  are  obtainable.  Plasticity 
is  improved  by  4  hours'  annealing  at  2500°F  (the  transition  temperature 
is  then  +105°F) . 

P50 

Poor.  ^ 

FS82 

Good.  Transition  temperature  -240'{F  (electron  beam  welding),  -150°F 
(controlled  atmosphere  welding)  am\  +50°F  (welding  in  air) .  4  hours’  heat 
treatment  at  2000°F  after  welding  in  recommended. 

PS85 

Good.  Transition  temperature  -240°F.  Bends  on  2T.  Behaves  better  than 
B66  or  Cb752. 

SCb291 

Good.  Transition  temperature  -240°P  (bend  test). 

The  above  considerations  apply  to  TIG  arc  welding  (unless  otherwise  stated). 
Welds  produced  by  the  electron  beam  method  are  generally  mechanically  stronger  and 
less  brittle.  To  obtain  appreciable  ductility  in  the  weld,  the  interstitials 
content  of  the  alloys  must  be  as  low  as  possible. 


9. 2  Brazing 

The  disadvantages  resulting  from  the  fusion  welding  of  a  large  number  of  niobium 
alloys  have  led  to  a  great  deal  of  research  to  try  to  define  brazing  alloys  which 
have  nevertheless  good  properties  at  high  temperatures. 

Brazing  alloys  based  on  Ti  or  V  are  chiefly  used: 

D31  :  brazing  with  pure  Ti  metal  at  3100°F.  The  advantages  of  the  niobium- 
titanium  combination  are:  the  two  metals  are  mutually  soluble  to  a  great  extent; 
they  dissolve  their  oxides  before  melting  (hence  no  flux);  the  melting  point  of  the 
resulting  alloy  is  higher  than  that  of  titanium. 


D36  :  brazing  with  Ti  -  8. 5%  Si  or  Ti  -  13V  -  HCr  -  3A1. 
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Alliages 

Soudabilite 

D36 

Bonne.  Temperature  de  transition  -170°C.  Se  comporte  mieux  que  B66 
ou  Cb752. 

D41 

Mauvaise. 

D43 

Assez  bonne. 

P48 

Mauvaise.  Par  soudage  en  chambre  dtanche,  on  o’  dent  une  temperature 
de  transition  de  +180°,  et  de  +120°  par  soudag  par  bombardement 
dlectronique.  La  plasticitd  est  amdliorde  par  un  recuit  de  4h  k 

1.370°C  (la  temperature  de  transition  est  alors  de  +40°). 

F50 

Mauvaise. 

PS82 

Bonne.  Temperature  de  transition  de  -175°C  (soudage  bombardement 
dlectronique) ,  de  -100°C  (soudage  en  chambre  dtanche)  et  de  +10°C 
(soudage  dans  1* air).  Un  traitement  thermique  de  4h  k  1.090°  est 
recommande  aprds  soudage. 

PS85 

Bonne.  Temperature  de  transition  -150°C.  Se  pile  k  2T.  Se 
comporte  mieux  que  B66  ou  Cb752. 

SCb291 

Bonne.  Temperature  de  transition  -150°C  (pliage). 

Les  considerations  prdcddentes  s’  appliquent  au  cas  de  soudage  par  fusion  4  1'  arc 
TIG  (sauf  mention  contraire).  Les  soudures  rdalisdes  par  bombardement  dlectronique 
sont  dans  1* ensemble  plus  rdsistantes  mdcaniquement  et  moins  fragiles.  Pour  cbtenir 
des  ductilitds  apprdciables  sur  souaure,  les  alliages  doivent  contenir  la  plus 
faible  teneur  possible  en  interstitiels. 

9. 2  Brasage 

Les  inconvdnients  resultant  du  soudage  par  fusion  d’  un  grand  nombre  d’  alliages  de 
niobium  ont  conduit  4  d’  importantes  recherches  pour  ddfinir  des  alliages  de  brasage 
prdsentant  ndanmoins  de  bonnes  caractdristiques  k  chaud. 

On  utilise  principalement  des  alliages  de  brasage  a  base  de  Ti  ou  de  V: 

D31  :  brasage  avec  Ti  non  allid,  k  1,730°C.  La  combinaison  niobium-titane  a  pour 
avantages:  les  deux  mdtaux  sont  largement  solubles  1’ un  dans  1’ autre;  ils  dissolvent 
leurs  oxydes  avant  de  fondre  (done  pas  de  flux),  le  point  de  fusion  de  1’ alliage 
resultant  est  supdrieur  k  celui  du  titane. 

D36  ;  brasage  avec  Ti  -  8, 5%  Si  ou  Ti  -  13V  -  HCr  -  3A1. 


Brazing  solder 


Temperature 
brazing  service 

(°F)  (°F) 


Rupture  shear-strength 
at  2500°F  (kpsi)(*> 


60V-30Nb-10Ti 

60V-30Nb-8Ti-2C 

60V-30Nb-10Zr 

59V-29Nb-10Zr-2Si 


70T1-30V 

65V-35Nb 


48Ti-48Zr-4Be 

75Zr-19Nb-6Be 


^lt\p  joints- 
rupture  in  the 
braze -weld. 

Base  metal  UTS  at 
250CJF:  20  kpsi 


Mention  should  also  be  made  of  the  possibility  of  bonding  in  the  solid  state  under 
high  pressure  at  medium  temperatures  (1300°F)  or  at  low  pressure  and  high  temperature, 
with  or  without  the  use  of  an  intermediate  metal  sheet  (Zr  -  Ti  -  Ta  -  V  -  Be). 


9. 3  Forming 

All  the  alloys  are  consolidated  by  arc  melting  or  electron  beam  melting  or  by 
both  techniques  combined  (first  melt  by  electron  beam  and  second  melt  by  arc). 
Attempts  have  been  made  by  General  Electric  to  produce  the  alloy  F48  by  powder 
metallurgy. 


Alloy 

Forming  Process 

Product 

Nb-lZr 

Forging  at  1200-2000°F.  Rough 
rolling  at  600-700°F.  Cold  rolling 
up  to  80%. 

Sheet  (24  x  72  x  0. 06  in)  - 
Strip  -  Foil  -  Bars  -  Wire  -  Tube. 

AS30 

Extruding  at  2500-3000°F,  followed 
by  hot  rolling. 

Plate  -  Forged  products  -  Bars. 

AS55 

Roughing  down  by  extruding  at  2500°F, 
followed  by  forging  at  2000°F.  Warm 
rolling  followed  by  cold-rolling. 

Now  under  development. 

(Continued) 
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F48  : 


Brasure 

Tempira 

de 

bras age 

ture  °C 
de 

service 

Contrainte  de 
cisaillement  h  la 
rupture  a  1,370°C  de 
joints  bras4s(H^ 
kg/ mm2 

60V-30Nb-10Ti 

1.815 

1.370 

6 

60V-30Nb-8Ti-2C 

1.815 

1.370 

7 

60V-30Nb-10Zr 

1.760 

1.370 

6 

59V-29Nb-10Zr-2Si 

1.705 

1.370 

6,5 

70T1-30V 

1.650 

1.370 

^joints  par  re- 

65V-  35Nb 

1.870 

1.370 

couvrement;  rupture 

dans  la  brasure. 

Charge  de  rupture 

48Ti-48Zr-4Be 

1.000 

815 

en  traction  du  mdtal 

75Zr-19Nb-6Be 

1.000 

815 

de  base  a  1. 370° 

14  kg/mm2 

Citons  dgalement  les  possibility  du  soudage  en  phase  solide  par  haute  pression  k 
ti£de  (700°)  ou  sous  faible  pression  k  haute  temperature,  avec  ou  sans  interposition 
d’une  feuille  de  mdtal  intermddiaire  (Zr  -  Ti  -  Ta  -  V  -  Be). 

9.3  Fabricabilite  -  Production 

La  consolidation  de  tous  les  alliages  est  r^alisde  par  fusioD  k  1’  arc  ou  par 
bombardement  dlectronique,  ou  par  les  deux  techniques  (premiere  fusion  par  bombardement 
dlectronique  -  deuxi^me  fusion  k  1* arc).  Quelques  tentatives  de  production  de 
l’alliage  F48  par  mdtallurgie  des  poudres  ont  4t4  faites  par  General  Electric. 


Alliage 

Fabricabilite 

Production 

Nb-lZr 

Forgeage  k  650-980°C.  Laminage 
ddgrossissage  a  320-200°C. 

Laminage  k  froid  jusqu’  k  80%. 

TOle  (600  x  1.800  en  1,5  mm)  - 
Bande  -  Feuille  mince  -  Barre  - 
Fil  -  Tube. 

AS30 

Filage  k  1. 370°C-1, 650°C,  puis 
laminage  4  chaud. 

TOles  ^paisses.  Produits  forges. 
Barres. 

AS55 

D^grossissage  par  filage  4  1.370°C, 
puis  forgeage  &  1.090°C.  Laminage 
&  ti&de,  puis  k  froid. 

En  developpement. 

(Voir  page  suivante) 
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Alloy 

Forming  process 

Product 

B33 

Final  shaping  (bending,  deep  drawing, 
spinning  can  be  done  cold  but  warm 
working  is  to  be  preferred. 

Sheet  (24  x  72  x  0, 06  in)  - 
Strip  -  Foil  (0. 004  in  thick, 

8  in  wide)  -  Wire  -  Tube. 

B66(a) 

Extruding  at  2500-3000°F,  followed 
by  rolling  at  2000°F,  then  cold 
(up  to  8%)  or  preferably  at  400°F. 
Swaging,  deep  drawing  and  spinning 
done  warm  for  preference. 

Sheet  (18  x  80  x  0.012  in)  -  Strip - 
Foil,  Bars  -  Wire  -  Forged  products. 
Extruded  tube  (experimental)  but 
cannot  be  finished  by  reduction  at 
room  temperature. 

C103 

Roughing  down  by  hot  extrusion. 
Rolling  at  400°F.  Final  cold 
rolling. 

Sheet  -  Strip  -  Bars. 

C129(a) 

Extrusion,  followed  by  hot  forging. 
Rolling  at  800°F,  then  cold. 

Sheet  -  Strip  -  Bars. 

Cb752(a) 

Roughing  down  by  extruding  at 

2000°F,  following  by  forging. 

Rolling  at  2000°F.  Final  cold 
rolling  up  to  80%. 

Sheet  (up  to  36  x  96  in)  -  Strip  - 
Foil  down  to  0.002  in  thick. 

D14 

Roughing  down  preferably  by  hot 
extrusion. 

Sheet  -  Strip  -  Bars  -  Tube  -  Wire. 

D31 

Roughing  down  by  extrusion  at 

2550°F,  followed  by  forging.  Hot 
rolling  at  2200°F.  Annealing  at 
2200-2570°F.  Final  cold  rolling. 
Forming  at  400-650°F  for 
preference.  Extruded  T-sections 
have  been  made. 

Sheet  (down  to  0. 02  in  -  24  x 80  in) 
Strip  (0.004  in  thick,  8  in  wide 
or  0.08  in  thick,  24  in  wide) 

Bars. 

Extrusions  (pilot  production). 

D36(a) 

Roughing  down  by  extrusion  (hot). 

Sheet  -  Strip  -  Foil  (down  to 

0. 10,  0. 006  and  0. 002  in  thick)  - 
Bars. 

D41 

Extrusion  at  2700°F,  followed  by 
forging  at  2500°F. 

Plate  -  Forged  products  -  Bars. 

D43(a) 

Roughing  down  by  extruding  at  2000°F, 
followed  by  forging.  Rolling  at 
2000°F.  Final  cold  rolling  up 
to  80%. 

Tubes  extruded  at  1760°C  and  then 
cold  drawn  (under  development). 

(Continued) 


(a)  Selected  for  OS  Air  Force  Refractory  Alloy  Foil  Development  Program  (production  of  strip 
24  in  wide  and  down  to  0.001  in  thick. 

(b)  Selected  for  US  Department  of  Defense  Sheet  Rolling  Program  (production  of  36  x  96  in  sheet). 


Alliage 

Fabricabilite 

Production 

B33 

La  mise  en  oeuvre  finale  (pliage  - 
emboutissage  -  repoussage)  peut  fitre 
effectu^e  k  froid,  mais  de 
preference  k  tiSde. 

T®le3  (600  x  1.800  x  1,5).  Bande. 
Feuille  mince  (e  =  0, 1  en  largeur 

200)  -  Fil  -  Tube. 

B66(a) 

Filage  k  1. 370-1. 650°C,  puis 
laminage  &  1.100°C,  puis  &  froid 
(jusqu’  k  80%)  ou  de  preference  k 
200°C.  ESnboutissage,  pliage, 
repoussage  de  preference  k  ti£de. 

T81e  (450  x  2. 000  x  0, 3)  -  Bande 
Feuille  mince  -  Barre  -  Fil  - 
Produits  forges  Tubes  files 
(experimental),  mais  ne  peuvent 
§tre  finis  par  reduction  &  20°. 

C103 

D^grossissage  par  filage  k  chaud. 
Laminage  a  400°C.  Laminage  final  d. 
froid. 

T61e  -  Bande  -  Barre. 

C129(a) 

Filage,  puis  forgeage  k  chaud. 
Laminage  k  430°C,  puis  a  froid. 

T01e  -  Bande  -  Barre. 

Cb752(a) 

D^grossissage  par  filage  k  1. 100°C, 
puis  forgeage.  Laminage  a  1.100°C. 
Laminage  final  a  froid  jusqu'  k  80%. 

T81e  (jusqu’  900  x  2.400)  -  Bande - 
Feuille  mince  jusqu’  k  e  =  0, 05  mm. 

D14 

De'grossissage  de  preference  par 
filage  4  chaud. 

T61e  -  Bande  -  Barre  -  Tube  -  Fil. 

D31(b) 

D^grossissage  par  filage  a  1.400°C, 
puis  forgeage.  Laminage  k  chaud  4 

1. 200°C.  Recuit  k  1. 200-1. 370°C. 
Laminage  final  a  froid.  Mise  en 
oeuvre  de  preference  k  200-300°C. 

Des  profiles  T  ont  4t4  rdalisds. 

T&le  (jusqu’  k  e  =  0,5,  2.000  x600)  - 
Bande  (jusqu’  k  e  =  0, 1  larg.  200,  ou 
e=2,  larg.  600) 

Barre 

Profiles  (pilot  production). 

D36(a) 

Ddgrossissage  par  filage  k  chaud. 

T81e  -  Bande  -  Feuille  mince 
(jusqu’  k  0,25,  0,15  et  0,05  mm 
d’  ep. )  -  Barre.. 

D41 

Filage  4  1.500°C,  puis  forgeage  k 

1. 370°C, 

Tfiles  dpaisses  -  Produits  forges  - 
Barres. 

D43(a) 

Mgrossissage  par  filage  &  1.100°C, 
puis  forgeage.  Laminage  &  1.100°. 
Laminage  final  &  froid  jusqu’  k  80%. 

Tubes  files  1.760°C,  puis  etires  a 
froid  (en  developpement). 

(Voir  page  suivante) 

(a)  Selectionne  dans  1’  Air  Force  Refractor;  Alloy  Foil  Development  Program  (realisation  de 
bandes  de  600  de  large  jusqu’ a  e  =  0,025). 


(b)  Selectionne  dans  le  DOD  Sheet  Rolling  Progra  (obtsntion  de  t&Ies  de  900  x  2.400). 


t 
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Alloy 

Forming  process 

Product 

P48<b) 

and 

P50 

Extrusion  at  2800-3300°F.  Hot 
rolling  first  at  2700°F  then  at 

2100 °F.  Annealing  at  2800°F.  Final 
rolling  at  1300°F. 

Flate  -  Forged  products  -  Bars  - 
Foil  (24  x  24  in)  -  (DOD  Sheet 
Rolling  Program). 

FS82 

Extrusion,  followed  by  hot  forging. 
Final  cold  rolling:  Forming  at  R.T. 

Sheet  -  Strip  -  Foil  -  Bars  -  Wire 
(24  x  72  x  0.6  in). 

FS85 

Extrusion,  followed  by  hot  forging. 
Final  cold  rolling.  Forming  at  R.T. 

Sheet  -  Strip  -  Foil  -  Bars  -  Wire. 

SCb291 

Forging  at  2200°F,  then  at  2000- 
1800 °F.  Rolling  at  700-500°F.  Final 
cold  rolling  up  to  60%. 

Sheet  -  Foil  -  Bars  -  Tube. 

9. 4  Machining  | 

Generally  speaking,  these  alloys  can  be  machined  by  the  standard  methods  employed  | 

for  stainless  steel.  It  is  recommended  to  work  on  clean,  well -descaled  surfaces.  f 

High-speed  steel  or  carbide  tools  with  a  positive  cutting  angle  may  be  used.  | 

Lubrication  must  be  generous  (trichloretnylene  or  soluble  oils  -  or  carbon  f 

tetrachloride  for  the  less  hard  alloys).  f 

i 

Surface  grinding  is  still  very  difficult.  I 

9.5  Descaling 

The  alloys  can  be  descaled  in  acid  mixtures  such  as:  20-35  HP  +  0  to 
13  H2S04  +  10-25  HNOj  +  H20  (%  by  volume,  at  70-140°P). 
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Alliage 

Fabricabilite 

Production 

■ 

Filage  k  1. 540-1. 800°C.  Laminage 
i  chaud  k  1.500°C,  puis  k  1.100°C. 
Recuit  k  1. 540°C.  Laminage  final 
a  700°C. 

\ 

Tfiles  ^paisses  -  Produits  forges  - 
Barres.  Tdles  minces  de  600  x  600 
(DOD  -  Sheet  Rolling  Program) 

PS82 

Filage,  puis  forgeage  &  chaud 
Laminage  final  &  froid.  Mise  en 
oeuvre  a  froid. 

T61e  -  Bande  -  Feuille  mince  - 
Barre  -  Fil.  (60  x  1.800  x  1,5) 

FS85 

Filage,  puis  forgeage  a  chaud. 
Laminage  final  £  froid.  Mise  en 
oeuvre  a  froid. 

Tfile  -  Bande  -  Feuille  mince  - 
Barre  -  Fil. 

SCb291 

Forgeage  a  1.200  C,  puis  900-1. 090°C. 
Laminage  a  260-370°C.  Laminage  final 
k  froid  jusqu’  a  60%. 

Tfile  -  Feuille  mince  -  Barre  -  Tube. 

9. 4  Usinage 

3n  gtJndrai,  les  alliages  peuvent  gtre  usings  en  utilisant  les  pratiques  courantes 
pour  les  aciers  inoxydables.  II  est  recommand^  d’  opdrer  sur  surfaces  d^calamindes 
propres.  On  peut  utiliser  des  outils  en  acier  rapide  ou  en  carbure,  avec  angle 
de  coupe  positif.  La  lubrification  doit  §tre  abondante  (trichlore'thylene  ou  huiles 
solubles  -  ou  t^trachlorure  de  carbone  dans  le  cas  des  alliages  peu  durs). 

La  rectification  reste  trds  difficile. 

9. 5  D&alajninage 

Le  decalaminage  des  alliages  peut  §tre  effectud  dans  des  melanges  acides  tels 
que  par  exemple:  20-35  HP  +  0  a  13  HjSO^  +  10-25  HN03  +  H20  (%  en  volume) 

(k  20-60°). 


CHAPTER  II  -  TANTALUM  AND  TANTALUM  ALLOYS 


1.  PHYSICAL  PROPERTIES  OF  TANTALUM  METAL 

1.1  Atomic  number  73  Atomic  weight  :  180.88  Group  :  V  A. 

1.2  Crystal  Structure 

O 

Body  centred  cubic  (no  transformation  point)  lattice  constant  :  3.30  A  at  R.T.- 
atomic  diameter  :  2.94  A 

1. 3  Density 
0.60  lb/in3. 

1.4  Melting  Point 

5425°F, 

1.5  Vapour  Pressure 


Temp. 


mmHg 


(°F) 

3100 

mo 

44  00 

mo 

5100 

5500 

0.5  x  10"11 

7.9  x  10'7 

1  x  10"6 

1  x  10"5 

1  X  10’3 

5  x  10*3 

Temp.  (°F) 

6700 

7200 

8100 

94 00 

11000 

mmHg 

10'1 

■a 

8 

75 

750 

At  high  temperatures,  the  solid  metal  thus  evaporates  to  some  extent.  The 
following  figures  ?.r«  given  in  the  case  of  tests  under  dynamic  vacuum  of 
1  x  10'3  mmHg. 


Temperature  (°F) 

4400 

4 700 

5100 

Evaporation  rate 
(g/cm2  s) 

1.55  x  10'7 

1.48  x  10*6 

1.41  x  10'5 
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CHAPITRE  II  -  TANTALE  ET  ALLIA6ES  DE  TANTALE 

1.  PROPRIETES  PHYSIQUES  DU  TANTALE  NON  ALLIE 

1.1  Numero  Atomique:  73  Masse  atomique  :  180,88  Groupe  V  A. 

1.2  Structure  Cristalline 

Cubique  centre  (pas  de  point  de  transformation)  rdseau  :  3,30  A  k  20°C  -  diamdtre 
atomiquc  :  2,94  X. 

1.3  Density 
16,64  g/cm3. 

1.4  Temperature  de  Fusion 
2. 996°C. 

1.5  Tension  de  Vapeur 


Temp.  (°C) 

1.700 

2.200 

2.m 

2.600 

2.800 

3.000 

mmHg 

_ 1 

9.5  x  10'11 

7,9  x  10"7 

1  x  10'® 

1  x  10'5 

1  x  10'3 

5  x  10'3 

Temp.  (°C) 

3.700 

if.  000 

it.  500 

5.200 

6.100 

mmHg 

10' 1 

0,8 

8 

75 

_ 1 

760 

Aux  temperatures  eiev^es,  le  metal  solide  sublt  done  une  certaine  evaporation. 
Les  donnees  sont  les  suivantes,  dans  le  cas  d’  essais  sous  un  vide  dynamique  de 
1  x  10'3  mmHg: 


Temperature  (°C) 

2A00 

2.600 

2.800 

Vitesse  d’ evaporation 
en  g/cm2s 

1,55  x  10'7 

1,48  x  10'6 

1,41  x  10'5 

(Voir  page  suivante) 


.  -WPVW®?  z&'&St&StfSi 


Temperature  (°F) 

Thickness  loss 
(mils  per  year) 


3700 

MOO 

0.4 

40 

1.6  Specific  Heat 

- - - - - - - - - - 1 - 

Temp.  (°F)  70  210  570  930  1300  1650  2000  2400  2700  2 900  4 900 

(Btu/lb 

°P)  0. 0332  0. 0336  0. 0345  0. 0354  0.  0363  0. 0372  0. 0382  0. 0392  0. 0402  0. 040  0. 050 

1.7  Hiermal  Conductivity 

Temperature  (°F)  70  210  2600  3000  o4 00 

(Btu  ft  A  ft2  °F)  31.5  31.8  42  45  48 

1.8  Thermal  Expansion  (mean) 

- - - - - - - - , - - - — 

Temperature  (°F)  210  1650  2900  3300  3650  MOO  MOO  4 700  5100  5300 

(microinch/in  °F)  3.4  3.56  3.68  3.86  4.10  4.38  4.8  5.35  6.0  6.3 


General  equation  :  LT  =  L0  (1  +  3.40  x  10"6  x  T  +  1.05x  10“10  x  T2)  (T  in  °P). 


1.9  Electrical  Resistivity 


Temperature  (°F) 

-100 

70 

210 

1470 

1830 

2700 

3650 

4400 

5100 

(microhm-cm) 

9 

12.5 

18 

47 

54 

71.5 

87 

100 

111 

These  coefficients  alley  for  variations  in  dimensions  due  to  thermal  expansion. 

The  temperature  coefficient  of  electrical  resistivity  per  °P  is  0.0021  (0  to  400°P). 

The  residual  electrical  resistivity  is  0.5  microhm-cm  at  10°K. 

Superconductivity  first  appears,  at  4.4°K  with  a  critical  field  of  2  kgauss.  The 
compound  TaC  becomes  a  superconductor  at  9.4°K. 
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Temperature  (°C) 

1.750 

2.000 

2, 300 

Perte  d’ epaisseur 
en  un  an  (mm) 

1  x  10“4 

1  x  10*2 

1 

1.6  Chaleur  Specif Ique  (cal/g  °C) 


Temp.  (°C) 

20 

100 

300 

500 

700 

900 

1.100 

1.300 

1.500 

1.600 

2.700 

Chaleur 

specifique 

0,  0332 

0, 0336 

0,0345 

0,0354 

0, 0363 

0,  0372 

0, 0382 

0, 0392 

0, 0402 

0,040 

0,050 

1.7  Conductibilit4  Thermique 


Temperature  (°C) 

20 

100 

1.430 

1.630 

1.830 

Conductibilite  thermique 
(cal/cm  s  °C) 

0, 130 

0, 131 

0, 174 

0, 186 

0, 198 

1.8  Coefficient  de  Dilatation  Lin&ire 


Tempirature  (°C) 

100 

900 

1.600 

1.800 

2.000 

2.200 

2.400 

2. 600 

2.800 

2.900 

a  x  10 6  moyen  de  20°  4  la 
temperature  consideree/°C 

6,12 

6,40 

6,61 

6,93 

7,35 

7,88 

8,60 

9,61 

10, 79 

11,35 

Equation  g<&K?rale  :  LT  =  LQ  (1  +  6,10  x  10'6  x  T  +  3,4  x  10'10  x  T2)  (T  en  °C). 
1.9  Resistivity  Eiectrique 

I 


Temperature  (°C) 

-70 

25 

100 

800 

1,000 

1.500 

2.000 

2.400 

2.800 

Resistivity 

(microhms-cm) 

9 

12,5 

18 

47 

54 

71,5 

87 

100 

111 

Ces  coefficients  tiennent  compte  des  variations  de  dimensions  dues  4  la  dilatation 
thermique. 

Le  coefficient  de  temperature  de  la  resistivity  est  0,0038  par  °C  (de  0  a  200°C). 

La  resistivity  eiectrique  residuelle  est  0,5  microhms-cm  4  10°K. 

La  supraconductivite  apparalt  4,4°K  avec  un  champ  critique  de  2  kgauss.  Le  compose 
TaC  devient  supraconducteur  4  9,4°K. 
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1.10  Absorption  Cross-Section  (Thermal  Neutrons) 
21.3  barns/atom. 


1.11  Spectral  Emissivity 

Total  emissivity  in  relation  to  black  body 


Temperature  (°F) 

-290 

+70 

210 

930 

1830 

2700 

3650 

4500 

Polished  surface 

0.025 

0.028 

0.030 

0. 053 

0.085 

0.21 

0.25 

0.30 

Oxidised  surface 

- 

- 

0.420 

0.426 

0.60 

0.80 

- 

- 

2.  MECHANICAL  PPOPERTIES  OF  TANTALUM  METAL 
2. 1  Typical  Analyses 

The  purity  of  tantalum  products  depends  mainly  on  how  they  are  produced  (sodium 
reduction,  electrolysis  or  carbothermic  treatment)  and  how  they  are  consolidated 
(powder  metallurgy,  arc  melting  or  electron  beam  melting),  typical  impurity 
contents  (in  ppm)  are: 


Original 

Sintered 

Arc  melted 

Electron 

produc t 

Product 

product 

product 

Oxygen 

1000-8000 

10-50 

500-3000 

10-20 

Nitrogen 

200-500 

50-100 

100-500 

20-50 

Carbon 

400-1500 

100-200 

200-800 

20-50 

Hydrogen 

100-800 

5-10 

30-100 

1-5 

Iron 

500-1500 

300-800 

300-500 

20-50 

Silicon 

500-1500 

50-100 

100-300 

10-20 

Titanium 

200-500 

50-100 

100-300 

5-10 

Magnesium 

100-200 

10-20 

50-100 

- 

Niobium* 

50-2500 

50-2500 

50-2500 

50-500 

1 

i 


Hie  niobium  content  depends  mainly  on  the  quality  of  the  ores  and  the  degree  of  Nb-Ta 
separation. 


1. 10  Section  de  Capture  (Neutrons  Thermiques) 


21,3  barns/atome. 


1. 11  Coefficient  d’  EmissivitE 

EmissivitE  totale  par  rapport  au  corps  noir: 


Temperature  (°C) 

-173 

27 

100 

500 

1.000 

1.500 

2.000 

2.500 

Surface  polie 

0,025 

0,  G28 

0,  030 

0,  053 

0,085 

0,21 

0, 25 

0,30 

Surface  oxydEe 

- 

- 

0, 420 

0,426 

0,06 

0,80 

_ A _ 

- 

2.  PROPRIETES  MECANIQUES  DU  TANTALE  NON  ALLIE 
2. 1  Analyses  Courantes 

La  puretE  des  produits  en  tanta?  3  depend  essentiellement  du  mode  de  production 
(reduction  -  Electrolyse  -  carbothermie)  et  du  mode  de  consolidation  (mEtallurgie  des 
poudres  -  fusion  &  1’  arc  -  fusion  par  bombardement  Electronique) .  Les  teneurs 
moyennes  en  impuretEs  sont  les  suivantes  (en  ppm): 


OxygEne 

Azote 

Carbone 

HydrogEne 

Produit  de 
dipart 

Apres 

frittage 

Apres 
fusion  arc 

Apres  fusion 
bombardement 
electronique 

1.000-8.000 

200-500 
400-1.  500 
100-800 

10-50 

50-100 

100-200 

5-10 

500-3.000 

100-500 

200-800 

30-100 

10-20 

20-50 

20-50 

1-5 

Per 

500-1.500 

300-800 

200-500 

20-50 

Silicium 

500-1.  500 

50-100 

100-200 

10-20 

Titane 

200-500 

50-100 

100-300 

5-10 

MagnEsium 

100-200 

10-20 

50-100 

- 

Niobium 

50-2. 500 

50-2.  500 

50-2.  500 

50-500 

•  ,  .  . 

La  teneur  en  niobium  depend  essentiellement  de  la  qualite  des  minerals  et  de  la  separation 

Nb-Ta  plus  ou  moins  poussee. 


- 


70£ 

Annealed 

*F 

Cold 

worked  95 % 

1100°F 

im°F 

H  .  2 

M§||j 

0. 2%  yield 
strength  (kpsi) 

32(b)-57 

102 

25 

21 

13 

10 

7 

■ 

Ultimate  tensile 
strength  (kpsi) 

43(b)  -72 

110 

60 

50 

27 

18 

15 

Elongation  (%) 

25-40(b) 

3 

16 

23 

33 

43 

48 

UB 

(a)  lh  at  2300°F.  (b)  electron  beam  melted, 

(c)  maintained  90  sec,  high  speed  tensile  test  conditions. 


I  Tantalum  is  subject  to  a  strain-ageing  effect  at  490-750°F;  the  effect  varies  In 

intensity  according  to  the  quantity  of  interstitial  impurities  present  (especially 
oxygen  and  hydrogen). 

2.3  Tensile  Properties  at  Low  Temperatures  - 
Ductile-tc-Brittle  Transition 

Metal  which  has  been  electron  beam  melted  (02:  <  0.003;  C:  <  0.003;  N2(  0.0008; 

I  others:  <  0.08)  gives  the  following  results  under  tensile  test  on  unnotched  specimen: 


Temperature  (°F) 

70 

-190 

-240 

- 330 

-420 

Stress- 
relieved 
at  1375°F 

UTS  (kpsi) 

Reduction  of  area  (%) 

57 

95 

93 

95 

■ 

160 

91 

H 

Annealed 

UTS  (kpsi) 

40 

60 

80 

■9 

MM 

3h  at 

2200°F 

Reduction  of  area  (%) 

98 

95 

94 

■ 

B 

See  the  comparison  with  other  metals  in  Figure  1. 

Notching  has  no  appreciable  effect. 

It  may  thus  be  said  that  the  ductile-to-brittle  transition  temperature  of 
tantalum  is  less  than  -420°F. 


In  accordance  with  the  general  law,  the  transition  temperature  is  raised  by  fast 
mechanical  testing,  recrystallization  grain  size  (recrystallization  in  itself  has  no 
effect)  and  the  impurities  content  especially  of  interstitials: 
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2.  2  Caractdristiques  Mecaniques  en  Traction  k  Haute  Temperature 
(Valeurs  moyennes) 


Etat 

recuit ^ 

0°C 

Etat 

ecroui  95 % 

600°C 

800°C 

980°C 

Eti 

1.090°C 

it  recui 

1.200°C 

(a) 

1.650°C(c) 

Limite  eiastique 
k  0,2%  (kg/mm2) 

22(b)-40 

70 

18 

15 

9 

7 

5 

5 

Charge  de  rupture 
(kg/mm2) 

30(b)-50 

75 

42 

35 

19 

13 

11 

7 

Allongement  (%) 

25-40(b) 

3 

16 

23 

33 

43 

48 

30 

(a)  lh  a  1.  250°C.  (b)  metal  fondu  par  bombardement  e'lectronlque. 

(c)  maintien  90s  et  vltesse  de  traction  rapide. 


Le  tantale  prdsente  un  effet  de  strain-aging  k  250-400°C,  plus  ou  raoins  marqud 
suivant  la  teneur  en  impuretds  interstitielles  (particulidrement  oxygdne  et  hydrogdne). 

2.3  Caractdristiques  en  Traction  k  Basse  Temperature  - 
Transition  Ductile-Fragile 

Pour  un  rndtal  fondu  par  bombardement  eiectronique  (02<  0,003  -  C  <  0,003  - 
N2  =0,0008  -  autres  <  0,  OS),  on  obtient  en  traction,  sur  dprouvettes  lisses: 


Temperature  (°C) 

20 

-100 

— 

-150 

-200 

-250 

Mdtal 

Charge  de  rupture  (kg/mm2) 

40 

65 

91 

112 

140 

restaurd 

A  750°C 

Striction  (%) 

95 

95 

94 

91 

90 

Mdtal 

Charge  de  rupture  (kg/mm2) 

28 

42 

56 

72 

91 

recuit 

3b  k  1. 200°C 

Striction  (%) 

98 

95 

94 

92 

88 

Voir  comparaison  avec  les  autres  mdtaux  (Fig. 1). 

Une  entaille  n’  a  pas  d’  effet  sensible. 

On  peut  done  dire  que  le  tantale  a  une  temperature  de  transition  ductile-fragile 
infSrieure  a  -25 0°C. 

!  Suivant  la  loi  generale,  la  temperature  de  transition  est  augmentde  par  la  vitesse 

l  de  1’  essai  mdcanique,  la  grosseur  du  grain  de  recristallisation  (la  recristallisation 

]  proprement  dite  n’ a  pas  d’ effet),  la  teneur  en  impuretds,  particulierement 

j  interstitielles: 


Transition  temperatures  (°F)  from  reduction  of  area  in  tensile  test 


Hydrogen 

Oxygen 

ppm 

unnotched 

notched 

ppm 

unnotched 

notched 

2 

1 

I 

MM 

1 

150 

m 

1  I 

I  1 

300 

-110 

-110 

■I 

4  90 

mBZM 

An 

alysis  i 

CM 

Heat  treatment 

Transition  tempirature 
(tensile  test) 

500 

5 

<44 

stress-relieved  lh/1375°F 
annealed  3h/2200°F 

1  1 

O  O 

O  O 
o  o 

760 

4 

<44 

stress-relieved  lh/1375°F 
annealed  lh/2600°F 

-290°F 

-100°F  (coarse  grain) 

80 

_ 

135 

<44 

stress-relieved  lh/1375°F 
annealed  3h/2200°F 

-100°F 

-100°F 

2. 4  Hardness 

Like  tensile  properties,  hardness  is  strongly  affected  by  the  impurity  content 
(see  2.8)  and  by  the  degree  of  cold-work  (see  2.9).  According  to  temperature, 
hardness  varies  as  follows: 


Temperature  (°F) 

70 

750 

1100 

1470 

1830 

2200 

Vickers  number 

95 

90 

82 

50 

30 

25 

2. 5  Young*  s  Modulus 


Temperature  (°F) 

70 

750 

1470 

2200 

2900 

E  (10*  psi) 

26.5 

25 

24 

17 

9 

2. 6  Fatigue  Strength 

* 

Rotative-beam  tests  at  107  cycles  gives  a  fatigue  limit  of  35,000  psi  at  room 
temperature  on  annealed  metal. 


I 

i 
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Temperature  de  transition  en  essai  de  traction  (striction) 


Hydrogene 

Oxyghne 

ppm 

non 

entailli 

entailli 

1 

ppm 

non 

entaille' 

entailli 

2 

I  <-250 

<-250 

30 

<-250 

<-250 

150 

o 

CO 

t 

-  80 

500 

-200 

-150 

300 

!  -  80 

-  80 

750 

+  30 

+  50 

Analyse  (ppm) 


) 

c  +  n2 

Etat 

1°  de  transition 
(essai  de  traction) 

<44 

restaurd  lh/750° 

-240°C 

recuit  3h/l. 200° 

-240°C 

<44 

restaure  lh/750° 

-180°C 

recuit  lh/1.430° 

-70°  (gros  grain) 

<44 

restaurd  lh/750° 

-70°C 

recuit  3h/1.200° 

-70°C 

2. 4  Duretd 


De  mime  que  les  caractdristiques  en  traction,  la  duretd  est  fortement  influence 
par  la  teneur  en  impuretds  (voir  2.8)  et  par  1’ dtat  d’ dcrouissage  (voir  2.9).  En 
fonction  de  la  temperature,  la  duretd  varie  comme  suit: 


Duretd  Vickers 


20 

m 

600 

800 

1.000 

1.200 

95 

90 

82 

50 

30 

25 

2.5  Module  <f  Elasticity  en  Traction 


Temperature  (°C)  20 


800  1.200  1.600 


E  (kg/mm?) 

2.6  Resistance  &  la  Fatigue 


18.500  17.500  16.800  12.000  6.000 


La  resistance  &  la  fatigue  en  flexion  rotative  &  107  alter.iances  est  de 
25  kg/mm2  &  20°  sur  metal  recuit. 


2.7  Creep  Properties  j 

Depends  greatly  on  purity.  -  I 

i 

3 

I 

2. 7. 1  Stress  Rupture  Data  (Mean  values) :  ! 


Temperature 

(°F) 

Electron  beam 
cold-worked  95%  and  stress - 
relieved  0.25h  at  1375°F 

me  Ited  metal 

cold-worked  75%  and 
annealed  Ih  at  2200°F 

u 

98 

■ 

lOh 

lOOh 

1375 

35000 

28000 

25000 

1. 

1830 

33CO 

■  I 

- 

Sa 

mm 

150 

- 

2.  7. 2  Creep  Stress 

Arc-melted,  recrystallized  metal.  Creep  stress  (psi) 


Elongation 

Time 

0.  lh 

8500 

Kfl 

1400 

0.5 % 

lh 

5700 

n 

- 

lOh 

8500 

- 

- 

- 

0.  lh 

4300 

1% 

lh 

B 

2800 

lOh 

BIRTH 

B 

2000 

- 

lOOh 

8500 

- 

- 

- 

0.  lh 

13000 

5700 

Kfl 

5% 

lh 

11400 

4300 

KB 

lOh 

8500 

2800 

BEE 

lOOh 

11400 

5700 

2000 

2.8  Effect  of  Inpurities 

The  effect  of  interstitial  impurities  is  practically  the  same  as  for  niobium  (see 
Chapter  I  -  Section  2.8)  in  that  they  increase  ultimate  tensile  strength  and 
hardness  and  produce  brittleness. 


2.7  Resistance  au  Fluage 


Elle  depend  forv.ement  de  la  puretd. 

2.7.1  Ruptwe  Differie  (Valeurs  moyennes): 


Temperature 
d'essai  (°C) 

Sur  mital  fandu  par  bo 
icroui  95%  et 
restaur d  0, 25 h/750°C 

n bardement  electronique  et 
icroui  75%  et 
recuit  lh/1.200°C 

lh 

Zontrainte 

lOh 

( kg/mm 2)  d 
lOOh 

onnant  une  dui 
lh 

•de  de  vie 
lOh 

de 

lOOh 

■ 

25 

20 

18 

12 

9 

4 

0.2 

0, 15 

11 

7 

3 

0.1 

10 

.5 

2,3 

2. 7. 2  Fluage 

•  Metal  fondu  a  I'arc-recristallise.  Contraintes  de  fluage  ( kg/mm 2) 

I  _ : _ : _ 


Allonge - 
ment  de 

en 

800 

Tempira 

1.000 

ture  (°C) 
1.200 

1.400 

O.lh 

9 

6 

2,5 

1 

0,5% 

lh 

8 

4 

1,4 

- 

lOh 

6 

- 

- 

- 

0,  lh 

10 

7 

3 

1,5 

1% 

lh 

9 

6 

2 

1 

lOh 

8 

4 

1,4 

- 

lOOh 

6 

- 

- 

- 

SB 

11 

9 

4 

3 

5% 

10 

8 

3 

1,7 

10h 

9 

6 

2 

1,3 

lOOh 

8 

4 

1,4 

- 

2.8  Influence  des  Impuretds 

L’  influence  des  impuretds  interstitielles  est  sensiblement  la  m§me  que  dans  le  cas 
du  niobium  (voir  Chapitre  1  -  Section  2.8)  pour  augmenter  la  charge  de  rupture  et  la 
duretd  et  procurer  une  fragilisation. 


Oxygen  content  (ppm) 
Vickers  number 


Hardness  test  on  cast  metal 


500 


1000 


2000 


30 

80 

150 

200 

350 

500 

1000 

2000 

70 

100 

120 

125 

145 

175 

250 

400 

2.9  Cold-Working  -  Stress-Relief  -  Recrystallization 

2.9.1  Cold-Working 

Mechanical  properties  improve  according  to  the  degree  of  cold-working,  whereas 
ductility  is  impaired: 


Cold-working  (%) 

0(a) 

50 

75 

85 

90 

99 

0.2%  YS  (kpsi) 

43 

100-114 

107-140 

UTS  (kpsi) 

64 

107-130 

114-145 

160 

Elongation  (%) 

25 

3-8 

1-5 

Vickers  number 

95 

145-160 

180 

190 

195-200 

220 

(a)  sintered,  cold-worked  and  recrystallized. 

The  effect  of  cold-working  on  properties  at  high  temperatures  is  also  favourable 
up  to  about  recrystallization  temperature,  but  that  temperature  is  lowered  by 
cold-working. 

2.9.2  Stress-Relief 

Cold-worked  metal  may  be  softened  by  heat  treatment  at  1375-1570°P  (15  min  to  lh) 
or  at  1800°P  (30  min). 

2.9.3  Recrystallization 

Maximum  softening  and  plasticity  are  obtained  from  fine-grain  recrystallized 
metal.  The  purer  the  metal  and  the  higher  the  cold-working  percentage  the  lower  the 
recrystallization  temperature  becomes: 


Degree  of 
cold-working ^ 

Temperature  for 
complete  recrystallization 
in  lh 

50%  on  cast 

2550°P 

75%  on  cast 

2190°P 

75%  on  annealed 

95%  on  cast 

(a)  electron  beam  melted  (C  =  30  ppm,  02  =  16  ppm,  N?  =  10  ppm).; 


Dureti  sur  mital  couli 

Teneur  en  oxygene  (ppm) 

30 

80 

150 

200 

350 

500 

1,000 

2.000 

Durete  Vickers 

70 

100 

120 

125 

145 

175 

250 

400 

2.9  Ecrouissage  -  Restoration  -  Recristallisation 

2.9.1  Ecrouissage 

Les  caract^ristiques  m^caniques  augmentent  en  fonction  du  degrd  d’  dorouissage  k 
froid,  tandis  que  la  ductility  diminue: 


Ecrouissage  (%) 

0<a) 

50 

75 

85 

90 

99 

LE  (kg/mm2) 

30 

70-80 

75-98 

R  (kg/mm2) 

45 

75-90 

30-100 

110 

A  (%) 

25 

3-8 

1-5 

Durete  Vickers 

95 

145-160 

180 

,190 

195-200 

220 

(a)  metal  fritte,  ecroul  a  froid  et  recristallise. 

L’  influence  de  1’  ecrouissage  sur  les  caract^ristiques  k  chaud  est  ^galement  | 

favorable  jusqu’  au  voisinage  de  la  temperature  de  recristallisation,  mais  cette 
temperature  est  abaissie  par  1'  ecrouissage . 

2.9.2  Restauration 

On  obtient  un  adoucissement  du  metal  ecrcui  par  traltement  thermique  &  750-850°C 
(1/4  d’heure  k  lh)  ou  k  980°C  (l/2h). 

2.9.3  Recristallisation 

5 

L’  adoucissement  et  la  plasticite  maximum  sont  obtenus  pour  un  metal  recristallise  s 

k  grain  fin.  La  temperature  de  recristallisation  est  d'  autant  plus  basse  que  le  metal 
est  plus  pur  ou  plus  ecroui  (sauf  pour  les  ecrouissages  extremes).. 


Degre 

d'  icrouissage^ 

Tempirature  de 
recristallisation 
complete  en  lh 

50%  sur  couie 

1.395°C 

75%  sur  couie 

1. 190°C 

75%  sur  recuit 

1. 210°C 

95%  sur  couie 

1.300°C 

(a)  me'tal  fondu  par  bombardement  e'lectronique  (C  =  30  ppm  -  02  =  16  ppm  -  N2  =  10  ppm).  i 
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Generally  speaking,  normal  recrystallization  heat  treatment  is  given  as  2200- 
2450°P  (lh). 

Higher  annealing  temperatures  produce: 

-  coarsening  of  the  grain  where  there  was  little  cold-working  before  annealing 
(critical  cold-working) 

Grain  size  (mils)  after  5%  cold-working  and  annealing 


Annealing  temperature  (°F) 

2300 

2900 

3300 

3600 

4 600 

Grain  size  (mils) 

£9 

0.4 

4 

8 

20 

-  general  coarsening  of  the  grain: 

Grain  size  (mils) 


Cold-working 

(%) 

2300 

Annealin 

2900 

g  temperat 
3300 

ire  (°F) 
3600 

mo 

50 

■SI 

■he 

60 

IBSfl 

80 

0.2 

11.5 

90 

0.2 

0.2 

11 

3.  CORROSION  BY  GASES,  CHEMICALS  AND  LIQUID  METALS 
3. 1  Resistance  to  Oxidation 

Tantalum  is  slightly  more  resistant  to  oxidation  than  niobium. 

Tantalum  oxide  melts  at  temperatures  exceeding  3500°F. 

As  in  the  case  of  niobium,  the  considerable  solid  solubility  of  oxygen  in  the 
metal  also  causes  contamination  and  brittleness. 


1 
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En  g^ndral,  le  traitement  thermlque  normal  de  recristalllsation  s’  op&re  k 
1. 200-1. 350°C  (lh). 

Pour  des  temperatures  de  recult  plus  dlevdea,  on  observe: 

-  d'  une  part  un  gross issement  du  grain  en  cas  de  faible  ecrouissage  avant  recult 
(ecrouissage  critique): 

Grosseur  de  grain  (en  microns)  apres  ecrouissage  de  5%  et  recuit 


T°  de  recuit  (°C) 

1.250 

1.600 

1.800 

2.000 

2.500 

Grosseur  du  grain 

10 

10 

100 

200 

500 

-d’ autre  part,  un  grossissement  general  du  grain: 

Grosseur  du  grain  (en  microns) 


Ecrouissage 

(%) 

1.250 

Tempira 

1.600 

.ure  de  reci 
1.800 

lit  (°C) 
2.000 

2.500 

50 

10 

10 

50 

150 

320 

60 

10 

10 

50 

150 

300 

80 

5 

5 

50 

150 

290 

90 

5 

5 

35 

150 

280 

3.  CORROSION  PAR  LES  GAZ,  PRODIJITS  CHIMIQUES  ET  METAUX  FONDUS 
3. 1  Resistance  k  1’  Oxydation 

Le  tantale  est  tr&s  ieg£rement  plus  resistant  &  1’  oxydation  que  le  niobium. 

L’ oxyde  de  tantale  fond  k  temperature  superieure  k  1.900°C. 

Comme  dans  le  cas  du  niobium,  la  solubilite  solide  importante  de  1’  oxyg£ne  dans  le 
metal  provoque  en  outre  des  effets  de  contamination  et  de  fragilisation. 
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Oxidation  rate  of  tantalum  in  air  at  various  temperatures: 


Temperature 

(°F) 

Maintained  at  indicated  temperature  for  16h 

Weight 

gain 

(mg /cm2  h) 

Oxygen 

penetration 

(mils) 

Surface  loss 
(scaling) 
(mils) 

Total 

(mils) 

1000 

4 

4 

_ 

1200 

4 

- 

4 

10 

1400 

12 

- 

12 

15 

1600 

31 

23 

54 

20 

1800 

60 

33 

93 

30 

2000 

100 

46 

146 

35 

2200 

- 

“ 

40 

See  also  Figure  2. 


The  remarkable  dielectric  properties  of  tantalum  oxide  coatings  obtained  by  anodic 
oxidation  are  worthy  of  mention.  They  provide  an  important  market  for  tantalum, 
for  making  electrolytic  capacitors  giving  high  capacities  in  very  small  volume. 


3.2  Resistance  to  Various  Chemicals 

Tantalum  is  highly  resistant  to  corrosion  by  most  chemicals  with  the  exception 
of: 

'mixtures  containing  HF  or  fluorinated  products; 
hot  concentrated  NaOH; 
concentrated  H2S04  at  more  than  490°F. 

Care  must  be  taken  in  order  to  avoid  any  corrosion  couple  with  other  metals  and 
to  avoid  the  embrittling  effect  of  hydrogen. 


3.3  Effect  of  Hydrogen 

Tantalum  absorbs  hydrogen  at  high  temperatures  and  becomes  brittle.  Absorption 
and  embrittlement  may  also  take  place  at  room  temperature  during  deformation.  The 
metal  may  also  be  embrittled  during  corrosion  in  aqueous  media. 


3.4  Resistance  to  Liquid  Metals 

Li  :  Good  resistance  up  to  1800°F  (provided  that  the  oxygen  content  of  both  Li  and 
Ta  is  low;  tantalum  containing  300  ppm  of  oxygen  is  already  damaged  in 
lithium  at  1500°F). 


Temperature 

(°C) 

Maintien  16h  a  la  t°  indiquie 

Gain  de  poids 
mg/cm2h 

Penetration 
de  I'oxygene 
(microns) 

Recession  de 
la  surface 
(microns) 

Total 

(microns) 

540 

100 

_ 

100 

650 

100 

- 

100 

10 

300 

- 

300 

15 

870 

775 

580 

1.355 

20 

980 

1.500 

830 

2.  330 

30 

1.090 

2.500 

1.150 

3.650 

35 

1.200 

“ 

- 

40 

Voir  dgalement  Figure  2. 


A  signaler  les  propridtds  didlectriques  remarquables  des  couches  d’  oxyde  de  tantale 
obtenues  par  oxydation  anodique,  d’  OU  des  ddbouchds  intdressants  du  tantale  pour  la 
rdalisation  de  condensateurs  dlectrolytiques  ayant  de  trAs  fortes  capacitds  sous  un 
faible  volume. 


3.2  Resistance  A  Diffdrents  Agents  Chimiques 

Le  tantale  prdsente  une  excellente  resistance  A  la  corrosion  vis-A-vis  de  la 
plupart  des  produits  chimiques,  A  1’ exception  dp 

melanges  contenant  HF  ou  produits  fluords; 

NaOH  concentrd  chaud; 

S04H2  concentrd  au-dessus  de  250°C. 

II  y  a  lieu  cependant  de  veiller  A  dviter  tout  couple  de  corrosion  par  contact 
avec  d’  autres  mdtaux  et  A  tenir  compte  d'  une  certaine  fragilisation  possible  par  les 
produits  rdducteurs. 


3. 3  Influence  d’  une  Atmosphere  d’  Hydrogene 

Le  tantale  absorbe  1’  hydrogAne  A  tempdrature  dlevde  et  se  fragilise.  Mais  ce 
phdmmAne  peut  dgalement  se  produire  A  tempdrature  ambiante  pendant  une  ddformation 
mdcanique  (et  il  est  d’autant  plus  marqud  que  la  teneur  en  02  ou  N2  du  mdtal  est  plus 
dlevde).  Le  mdtal  peut  Otre  dgalement  fragilisd  par  1’ hydrogAne  naissant  dans  certains 
cas  de  corrosion  dans  les  milieux  aqueux. 

3.4  Rdsistance  aux  Metaux  Fondus 

Li  :  bonne  rdsistance  jusqu’A  1.000°C  (a  condition  que  Li  et  Ta  aient  des  teneurs 
faibles  en  oxygAne;  un  tantale  contenant  300  ppm  d’oxygene  est  ddja  fortement 
attaqud  dans  Li  A  820°C). 


r ' 


Na  :  good  resistance  up  to  more  than  1650°P.  At  1800°F  Nb  is  preferable. 


K  :  good  resistance  up  to  1650°P;  at  1800°P,  tantalum  is  totally  destroyed 
in  flowing  liquid  potassium. 

Bi  :  pronounced  intergranular  damage  at  1800°P.  No  effect  up  to  1560°P. 

Sn  :  at  1170°P  slight  local  corrosion  occurs  -  at  1475°P,  the  corrosion  is 
slightly  more  advanced  -  at  3100°P  tantalum  dissolves  rather  rapidly. 


4.  FABRICATION 

4. 1  Welding  and  Brazing 

The  welding  properties  of  tantalum  are  excellent,  either  by  the  TIG  method 
(provided  that  all  necessary  precautions  are  taken  to  avoid  contamination  of  the 
metal)  or  by  the  electron  beam  method.  The  welds  are  as  ductile  as  the  base  metal. 

The  following  technique  is  generally  used  for  brazing  tantalum  to  other  metals: 
electro-plating  with  Cu  or  Ag  on  both  the  metals  to  be  joined,  followed  by  brazing 
by  the  usual  methods. 

4.2  Forming  and  Machining 

The  techniques  used  are  the  same  as  those  described  for  niobium. 


5.  TANTALUM  ALLOYS 

5. 1  General  * 

Owing  to  the  great  density  of  this  metal,  in  spite  of  its  high  melting  point  the  | 

development  of  tantalum  alloys  has  been  somewhat  neglected,  preference  obviously  < 

being  given  to  tungsten  for  very  high  temperatures.  Yet  it  became  apparent  that 
tantalum  alloys  might  have  remarkable  properties  as  compared  with  other  refractory 
alloys  such  as  absence  of  all  brittle  tendency  even  at  very  low  temperatures,  good  ! 

welding  properties  and  good  machining  properties. 

Tantalum  alloys  are  also  envisaged  for  spatial  nuclear  projects  operating  in  a 
high  temperature  range  where  niobium  alloys  are  no  longer  of  interest  and  tungsten  is 
rejected  for  the  time  being  because  of  the  complicated  shaping  operations  needed. 

They  are  therefore  of  much  interest  at  present. 

The  basic  approach  to  alloy  development  is  the  same  as  for  niobium. 


'1 

J 
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Na  :  bonne  resistance  jusqu’  A  plus  de  900°C.  A  1.000°C,  le  Nb  est  preferable. 

K  :  bonne  resistance  jusqu’ a  909°C.  A  1.000°C  le  tantale  est  totalement  detruit 
en  boucle  dynamique. 

Bi  :  attaque  intergranulaire  prononcde  A  1.000°C.  Par  d’ ef fet  jusqu’ d  850°C. 

Sn  :  d  630°,  il  y  a  ldgere  corrosion  locale  -  A  800°  la  corrosion  est  un  peu  plus 
poussee  -  A  1.740°,  le  tantale  se  dissout  assez  rapidement. 


4.  MISE  EN  OEUVRE 


4.1  Soudage  et  Brasage 

La  soudabilitC  du  tantale  est  excellente,  soit  par  la  mdthode  TIG  (A  condition 
d’ opdrer  avec  toutes  les  precautions  requises  pour  ne  pas  contaminer  le  metal),  soit 
par  bombardement  dlectronique.  Les  soudures  sont  aussi  ductiles  que  le  metal  de  base. 

Pour  le  brasage  du  tantale  A  d’  autres  mdtaux,  on  utilise  en  general  le  technique 
suivante:.  dlectroplacage  de  Cu  ou  Ag  3ur  les  deux  mdtaux  A  relier  et  brasage  par  les 
proeddds  habituels. 

4. 2  Mise  en  Forme  -  Usinage 

Les  mAmes  techniques  que  celles  ddcrites  dans  le  cas  du  niobium  sont  utilisdes. 


5.  ALLIAGES  DE  TAKTALE 
0.1  Gdndralitds 

Par  suite  de  la  forte  densitd  de  ce  mdtal,  et  malgrd  son  haut  point  de  fusion,  le 
perfectionnement  des  alliages  de  tantale  a  dtd  auelque  peu  ddlaissd,  la  prdfdrence 
dtant  dvidemment  donnde  au  tungstAne  pour  les  trAe  hautes  tempdratures.  Cependant, 
il  est  apparu  que  les  alliages  de  tantale  pouvaient  avoir  des  propridtds  remarquables 
par  rapport  aux  autres  alliages  rdfractaires:  absence  de  toute  fragilisation,  mfime  aux 
trAs  basses  tempdratures,  bonne  soudabilitd,  bonne  usinabilitd. 

Les  alliages  de  tantale  sont  dgalement  envisagds  pour  les  conceptions  nucleaires 
spatiales  opdrant  dans  des  zones  de  tempdratures  dlevdes  oft  les  alliages  de  niobium 
perdent  leur  intdrAt  et  oil  le  tungstAne  est  pour  1’ instant  rejetd  du  fait  qu’ il  y  a 
lieu  de  rdaliser  des  formages  complexes.  Ils  sont  done  l’objet  d’ un  trAs  gros  regain 
d’  interAt, 

Les  principes  de  base  d’  obtention  d’  alliages  de  tantale  sont  les  mAmes  que  ceux 
suivis  dans  le  cas  du  niobium. 
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5.2  Solid  Solution  Strengthening 

Remembering  that  the  higher  its  melting  point,  the  more  active  an  addition  is, 
there  is  scarcely  any  of  the  usual  metals  other  than  tungsten  which  can  make  any 
improvement.  But  additions  of  Mo,  Hf.  V  are  also  effective.  It  should  be  pointed 
out  that  rhenium  has  considerable  solid  solubility  in  Ta  (45%  at  3700°P  -  48% 
at  4500°F) . 

Since  there  is  complete  solid  solubility  between  the  four  metals:  W,  Ta,  Mo,  Nb, 
their  various  combinations  have  been  widely  investigated. 

The  action  of  these  various  elements  may  be  summed  up  as  follows: 

Fabricability  :  no  harmful  action  up  to  10-15%; 

Plasticity  :  Hf,  V,  Nb  :  no  appreciable  effect; 

Mo  (>5%)  and  W  (>20%)  considerably  increase  the  transition 
temperature; 

Recrystallization  :  Titanium  reduces  recrystallization  temperature 
Hf,  V,  Nb  have  little  effect, 

Mo,  W  distinctly  increase  recrystallization; 

Welding  properties  :  same  remark  as  for  plasticity,  but  Hf  has  an  adverse 
effect  at  more  than  10%; 

Resistance  at  high  temperatures  :  the  most  effective  elements  are  :  Mo,  W,  V, 

Hf  and  Zr  -  Ti  to  some  extent  -  Nb  not  at  all. 

The  optimum  combinations  (i.e.  those  which  give  maximum  tensile  strength  while 
remaining  workable  and  ductile  at  room  temperature  are: 


System 

Alloy 

2700°F 

UTS  (kpsi) 

3000°F 

UTS  (kpsi) 

3500° F 

UTS  (kpsi) 

Ta 

— 

6 

4 

3.5 

Ta-Hf 

15  Hf 

27 

18(10Hf) 

6  ( 5Hf ) 

Ta-Mo 

7.5  Mo 

32 

21 

9(5Mo) 

Ta-V 

7.5  V 

30 

13 (5V) 

- 

Ta-W 

15  W 

35 

24 

13(12W) 

Ta-Nb-V 

20Nb-10V 

28 

10(30Nb,7.5V) 

- 

Ta-Iif-W 

5Hf-10W 

38 

28 

ll(5Hf-5W) 

Ta-Mo-Hf 

5Mo-5Hf 

43 

25 

- 

Ta-Mo-V 

5MO-5V 

40 

21 

9 

Ta-V-W 

2.5V-10W 

32 

20 

- 

Ta-W-Mo 

7. 5W-5MO 

44 

25 

13(10W-2.5Mo) 

Titanium*  (complete  solid  solubility)  has  some  hardening  effect  (maximum  at 
about  2v.  -25%)  without  impairing  fabricability. 


up  to  40%. 
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5. 2  Durcissement  par  Solution  Solide 

Si  1*  on  considAre  que  1’  addition  est  c1’  autant  plus  active  que  sa  temperature  de 
fusion  est  plus  eiev^e,  il  n'y  a  guAre  que  le  tungstAne  i arm!  les  mdtaux  courants 
qui  puisse  procurer  une  amelioration.  Cependant,  des  additions  de  Mo,  Hf,  V,  sont 
Agalement  efficaces.  A  signaler  que  le  rhenium  a  une  large  solubilite  solide  dans 

!  Ta  (45%  A  2.000°C  -  48%  A  2.460°C).  | 

S 

Les  quatre  mAtaux  W,  Ta,  Mo,  Nb  presentant  entre  eux  une  solubilite  solide  j 

complete,  leurs  combinaisons  di verses  ont  At  A  largement  explorAes.  I 

i 

On  peut  rAsumer  comae  suit  1’  action  de  ces  diffArents  elements:  | 

! 

Pabricabilitd  :  pas  d’  action  nocive  jusqu’  A  10-15%;  f 

I  i 

|  Plasticite  ;  Hf,  V,  Nb  :  pas  d’  action  notable;  ’ 

|  Mo  (>5%)  et  W(>20%)  augmentent  fortement  la  temperature  de 

|  transition; 

ft 

!“  Recristallisation  :  le  Titane  diminue  la  temperature  de  recristallisation; 

Hf,  V,  Nb  ont  peu  d’  effet; 

|  Mo,  W  1’  augmentent  nettement; 

Soudabilite  :  m€me  remarque  que  pour  la  plasticite,  le  Hf  devenant  cependant 
nAfaste  A  plus  de  10%; 

Resistance  A  chaud  :  les  elements  les  plus  efficaces  sont  Mo,  W,  V,  Hf,  Zr  -  Ti 
dans  une  certaine  mesure  -  Nb  n’  a  pas  d’  effet. 

Les  combinaisons  optimum  (c’  est-A-dire  donnant  la  charge  de  rupture  maximum,  tout  < 

en  restant  fabricables  et  ductiles  A  20°C)  sont  approximativement  les  suivantes: 


Sy steme 

Alliage 

1A80°C 

R  (kg /mm2) 

1.650°C 

R  (kg/mm2) 

1.925°C 

R  (kg/mm2) 

Ta 

4 

3 

3 

Ta-Hf 

15  Hf 

±9 

13(10Hf) 

4  ( 5Hf ) 

Ta-Mo 

7,5  Mo 

22 

15 

6(5Mo) 

Ta-V 

7.5  V 

21 

9(5V) 

- 

Ta-W 

15  W 

25 

11 

9 (12V) 

Ta-Nb-V 

20Nb-10V 

20 

7(30Nb,7,5V) 

- 

Ta-Hf-W  . 

5Hf-10W 

27 

20 

8(5Hf-5W) 

Ta-Mo-Hf 

5Mo-5Hf 

30 

18 

- 

Ta-Mo -V 

5MO-5V 

28 

15  • 

6 

Ta-V-W 

2, 5V-10W 

22 

14 

- 

Ta-W-Mo 

7,  5W-5MO 

31 

18 

9(10W-2,  5Mo) 

Le  titane*  (solubilite  solide  complete)  durcit  peu  (effet  maximum 
vers  20-25%)  sans  changer  la  fabricabilite. 

*  jusqu’  a  40%. 


5.3  Dispersion  Strengthening 


(a)  Natural  dispersion  hardening,  making  use  of  Ti-Zr  on  the  one  hand  and 
02-C-N2  on  the  other,  carbon  probably  being  the  most  interesting,  as  in  the  case  of 
niobium,  for  its  solubility  is  still  very  low  at  high  temperatures  (0.01%  at.  2200°P), 
whereas  the  solubilities  of  02  and  N2  are  0.25%  and  0.45%  respectively,  which  makes 
them  less  apt  to  form  new  phases.  Alloys  containing  1%  Zr  +  0.08%  C  are  capable  of 
pronounced  hardening  by  "annealing”  heat  treatment  at  a  temperature  of 
5i300-3700°F. 


(b)  Artificial  dispersion  strengthening  by  the  addition  of  various  compounds, 
such  as  TaC. 

Small  additions  of  C  or  N  distinctly  improve  the  pr^i-arties  of  the  alloys  Ta-8W-2Hf 
(Till)  at  high  temperatures  without  much  impairing  ductility.  Small  additions  of 
rhenium  or  ruthenium  have  a  very  marked  effect.  2. 5%  Ru  is  sufficient  to  raise  the 
ductile-to-brittle  transition  temperature  sharply.  Small  additions  of  Ru,  Re  or  Os 
raise  the  recrystallization  temperature  appreciably.  The  replacement  of  i%  W  by 
1%  Re  in  the  alloy  Ta-lOW  increases  its  ultimate  tensile  strength  by  50%  at  3500°F. 

It  is  difficult  to  say  at  present  whether  this  is  a  solid  solution  effect  or  a 
dispersion  effect. 


Alloy 

UIS  (kpsi) 
at  3500°F 

Minimum  bend  radius 

at  70°F 

at  -320°F 

Ta-lOW 

10 

0 

0 

Ta~5W-2. 5Ru 

14 

7  T 

18  T 

Ta-7. 5W-2. 5Re 

15 

0 

0 

Ta-5W-5Re 

17 

3  T 

18  T 

Ta-5W-2.5Mo-lZr 

16 

0 

5  T 

5.4  Composition  of  Some  Alloys 

The  following  table  gives  a  list  of  tne  principal  tantalum  alloys: 


Producer 

Reference 

Composition  (%) 

number 

W 

Hf 

V 

Mo 

Nb 

Other 

<>2 

Haynes  Stellite 

Ta782 

10 

Stauffer 

STa900 

10 

Stauffer 

STa880 

12.5 

low 

(Battelle) 

10 

Zr  1 

(Battelle) 

17 

Westinghouse 

T222 

10 

2.5 

C  0.01 

(Battelle) 

10 

2.5 

N.R.C. 

10 

C 

*  plus  grain  refiner.  (Continued) 
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5.3  Durcissenent  par  Phase  Dispers£e 

(a)  Durcissement  par  dispersion  naturelle  en  jouant  sur  Ti-Zr  d'une  part, 

02-C-N2  d’ autre  part,  le  carbone  &ant  probablement  le  plus  int^ressant,  comme  dans 
le  cas  du  niobium,  car  sa  solubilitd  reste  tr£s  faible  k  haute  temperature  (0,01%  k 
1.200°C),  tandis  que  les  solubilit^s  de  02  et  N2  k  cette  m#me  temperature  sont 
respectivement  0, 25%  et  0, 45%,  ce  qui  les  rend  moins  disponibles  pour  former  des 
phases  nouvelles.  Des  ailiages  contenant  1%  de  Zr  +  0,  08%C  sont  susceptibles  de 
durcissement  prononcd  par  traitement  thermique  de  “revenu"  k  temperature  de 

1. 800-2. 000°C. 

(b)  Durcissement  par  dispersion  artificielle  en  faisant  des  additions  de  composes 
divers,  notamment  de  TaC. 

De  faibles  additions  de  C  ou  N  amdliorent  nettement  les  caractdristiques  k  chaud 
de  1’  alliage  Ta-8W-2Hf  (Till)  sans  trop  nuire  k  la  ductilite.  De  faibles  additions 
de  rhenium  ou  ruthenium  ont  un  effet  tr£s  marque.  L’  addition  de  2, 5%  Ru  suffit  pour 
.iUgmenter  tr£s  fortement  la  temperature  de  transition  ductile -fragile.  De  faibles 
additions  de  Ru,  Re,  0s  e Invent  nettement  la  temperature  de  recristallisation. 

La  substitution  de  1%  de  Re  4  1%  de  W  dans  1*  alliage  Ta-lOW,  augmente  de  50%  la  charge 
de  rupture  k  1.925°C.  11  est  difficile  de  dire  pour  1’ instant  s’ il  s’ agit  d’un 
effet  de  solution  solide  ou  d'un  effet  de  dispersion. 


Alliage 

R  (kg/rn2) 
a  1.925°C 

Rayon  mini 

20° 

muni  de  pliage 

-195° 

Ta-lOW 

7,2 

0 

0 

Ta-5W-2,  5Ru 

9,8 

7  T 

18  T 

Ta-7, 5W-2, 5Re 

10,6 

0 

0 

Ta-5W-5Re 

12 

3  T 

18  T 

Ta-5W-2, 5Mo-lZr 

11 

0 

5  T 

5.4  Composition  des  Principaux  Ailiages 

Le  tableau  ci-apres  donne  la  liste  des  principaux  ailiages  de  tantale: 


Producteur 

if 

Hf 

R 

position 

Mo 

»  (%) 
Nb 

Autres 

02 

Haynes  Stellite 

Ta782 

10 

Stauffer 

STa900 

10 

* 

Stauffer 

STa880 

12,5 

low 

(Battelle) 

10 

Zr  1 

(Battelle) 

17 

ffestinghouse 

T222 

10 

2,5 

C  0.01 

(Battelle) 

10 

2,5 

N.R.C 

10 

C 

•  plus  affinant  du  grain.  (Voir  page  suivante) 


Producer 

Reference 

Composition  (%) 

number 

W 

Hf 

V 

Mo 

Nb 

Other 

02 

Westinghousel 
N.R.C.  J 

T111M 

8 

2 

0.01 

Vestinghouse 

T111L 

8 

2 

0.003 

General  Electric 

GE473 

8 

Re  2.5 

(Battelle) 

5 

10 

> 

(Battelle) 

(Battelle) 

5 

7.5 

2.5 

30 

Numerous  research  programmes  on  tantalum  alloys  are  now  in  progress  in  the 
United  States. 


These  programmes  include: 


Sponsor 

— 

Subject  of  research 

Organisation 

Alloy 

Air  Force 

Ta-alloy  Processing  Development  - 

Battelle  and 

Ta-5W-2. 5Mo 

Group  I 

Du  Pont 

Ta-10W-2. 5Mo 

Air  Force 

Ta-alloy  Processing  Development  - 

Battelle  and 

Ta-17W 

Group  II 

Du  Pont 

Ta-lOW-lZr 

Air  Force 

Ta-alloy, Extrusion  Program 

Wah -Chang 

Ta-lOW 

Air  Forde 

Ta-alloy  Sheet  Development 

Battelle 

Ta-30Nb-7.5V 

Ta-10Hf-5W 

Air  Force 

Large-diameter  refractory  alloy 
ingots 

Oremet 

Ta-30Nb-7. 5V 

Department  of 
Defense 

Refractory  alloy  Saeet  Rolling 
Program 

Wah -Chang 

Ta-30Nb-7. 5V 

Air  Force 

Refractory  alloy  Foil 

Development ^ 

Du  jont 

Ta-lOW 

Ta-8W-2Hf 

Navy 

_ 

Refractory  alloy  Sheet  Rolling 
Program 

Westinghouse 

Till  et  T222 

(a)  Production  of  30  sheets,  36  in  x  96  in. 

(b)  Production  of  strip,  12  in  (later  24  in)  wide  and  0.001  in  to  0.004  in  thick. 


Producteur 

Designa¬ 

tion 

W 

Hf 

Com 

V 

lositior 

Mo 

*  (%) 
Nb 

Autres 

o2 

Westinghouse  I 

T111M 

8 

2 

0, 01 

N.R.C.  j 

Westinghouse 

T111L 

8 

2 

0,003 

General  Electric 

ffi473 

8 

Re  2,5 

(Battelle) 

5 

10 

(Battelle) 

5 

2,5 

(Battelle) 

7,5 

30 

De  trds  nombreux  programmes  de  recherches  sur  les  alliages  de  tantale  sont 
actuelleraent  engages  aux  Etats-Unis. 

Parmi  les  princlpaux  programmes,  on  peut  citer: 


Sponsor 

Ob  jet 

Organisa¬ 

tion 

Alliages 

Air  Force 

Ta-alloy  Processing  Development  - 

Battelle 

Ta-5W-2, 5Mo 

Group  I 

et  Du  Pont 

Ta-10W-2, 5Mo 

Air  Force 

Ta-alloy  Processing  Development  - 

Battelle 

Ta-17W 

Group  II 

et  Du  Pont 

Ta-lOW-lZr 

Air  Force 

Ta-alloy  Extrusion  Program 

Wah -Chang 

Ta-lOW 

Air  Force 

Ta-alloy  Sheet  Development 

Battelle 

Ta-30Nb-7,  5V 
Ta-10Hf-5W 

Air  Force 

Large -diameter  refractory  alloy 
ingots 

Oremet 

Ta-30Nb-7,  5V 

Department  of 
Defense 

Refractory  alloy  Sheet  Rolling 
Program 

Wah -Chang 

Ta-30Nb-7,  5V 

Air  Force 

Refractory  alloy  Foil 

Development 

Du  Pont 

Ta-lOW 

Ta-8W-2Hf 

Navy 

Refractory  alloy  Sheet  Rolling 
Program 

Westinghouse 

Till  et  T222 

(a)  Production  de  30  toles  de  900  x  2.400  mm 

(b)  Production  de  bandes  de  300  (puis  600  mm)  de  large,  et  0,02  a  0, 1  mm  d’ epais. 


6.  PHYSICAL  PROPERTIES  OF  SOME  ALLOYS 


Alloy 

Dens  i  ty 
(lb/ in3) 

Melting 

point 

(°F) 

Thermal 
conductivity 
at  R.T. 

(Btu  ft/h 
ft 2  °F) 

Coefficient  of 
thermal  expansion 
at  R.T.  (micro¬ 
inch/in  °F) 

Electrical 

resistivity 

(microhm-cm) 

Ta-lOff 

0.608 

5520 

34(a) 

3.5 

Ta-12. 5W 

0.610 

5550 

Ta-10W-2. 5Hf 

0.61 

- 

fa-10W-2. 5Mo 

0.60 

- 

22(b; 

Ta-8W-2Hf 

0.604 

5420 

3.1 

Ta-5W-2. 5Mo 

0.595 

Ta-7. 5V-30Nb 

0.425 

4390 

(a)  Decreases  as  temperature  increases:  28  at  3800°F. 

20.5  at  5500°P. 


(b)  65  at  2200°F. 


7.  MECHANICAL  PROPERTIES  OF  SOME  ALLOYS 


7.1  Tensile  Properties  at  High  Temperatures 
(Mean  values) 


70°F 

2200°  F 

_ 

24 00°F 

27 00°F 

3000°F 

3500°F 

Alloy 

Stote<a> 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

(k{ 

si) 

(%) 

(kf 

si) 

(%) 

(k[ 

si) 

(%) 

(kf 

si) 

(%) 

(kf 

si) 

(%) 

(kl 

si) 

(%) 

Ta-lOff 

L-B 

160 

170 

— 

50 

40 

14 

L-D 

100 

110 

6 

34 

58 

11 

35 

40 

19 

15 

20 

84 

L-R 

76 

93 

20 

23 

37 

30 

35 

18 

B-B 

160 

170 

- 

B-D 

100 

110 

5 

34 

38 

13 

B-R 

72 

85 

30 

30 

37 

30 

M-E 

175 

185 

2.5 

S-E-R 

OP* 
O  1 

35 

27 

Ta-12. 5W 

L-R 

90 

102 

23 

23 

33 

30 

17 

21 

55 

10 

13 

52 

Ta-lOW-2. 5Hf 

L-D 

143 

150 

12 

69 

80 

18 

50 

57 

25 

28 

33 

40 

(T222) 

L-R 

100 

110 

28 

40 

68 

17 

37 

53 

20 

28 

33 

22 

24 

26 

24 

13 

14 

43 

Ta-10W-2. 5Mo 

L-B 

23 

32 

L-R 

107 

110 

31 

30 

34 

72 

24 

27 

76 

18 

26 

77 

11 

14 

78 

For  reference  (a)  see  page  92. 


(Continued) 
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6.  P30PRIETES  PHYSIQUES  DES  PRINCIPAUX  ALLIAGES 


Alliage 

Densite 
(g/ cm3) 

Temperature 
de  fusion 
(°C) 

Conduct i- 
bilite 
thermique 
(cal/cm  °C  s) 

Coefficient 

de 

dilatation 
a  20° 
(106)/°C 

RSsisti- 

viti 

electrique 
( microhm-cm ) 

Ta-lOW 

■n 

3.035 

0,140(a) 

6,30 

Ta-12, 5W 

3.050 

Ta-10W-2, 5Hf 

16,9 

Ta-lOW-2, 5Mo 

16,6 

Ta-8W-2Hf 

16,7 

2.980 

5, 58 

22(b) 

Ta-5W-2,  5Mo 

16,5 

Ta-7, 5V-30Nb 

11,8 

2,420 

(a)  diminue  lorsque  la  temperature  augmente:  0,115  a  2.000°C 

0,085  a  3. 000°C. 


(b)  65  a  1. 200°C. 


7.  PROPRIETES  MECANIQUES  DES  PRINCIPAUX  ALLIAGES 

7. 1  Caract4ristiques  Mecaniques  en  Traction  a  Chaud 
(Valeurs  moyennes) 


Alliage 

Etat^ 

20°C 

1 

2 00°C 

i. 

320°  C 

i. 

m°c 

1 

650°C 

1. 

925°C 

1 

| 

3 

n 

1 

n 

1 

1 

| 

m 

1 

| 

Gq 

9 

A 

(%) 

Ta-lOW 

L-B 

112 

119 

_ 

35 

28 

■ 

■ 

■ 

i 

9 

10 

I 

L-D 

70 

77 

6 

24 

41 

11 

25 

28 

19 

| 

m 

1 

ii 

84 

1 

m 

L-R 

53 

65 

Eil 

16 

26 

25 

if 

■ 

S 

is 

s 

8 

B-B 

112 

119 

- 

■ 

m 

1 

1 

m 

9 

B-D 

70 

77 

5 

24 

27 

13 

m 

m 

1 

m 

m 

■ 

B-R 

50 

60 

fn 

21 

26 

30 

m 

■ 

■ 

9 

■ 

M-E 

124 

131 

2,5 

9 

■ 

9 

9 

I 

M-E-R 

61 

67 

27 

I 

■  J 

■ 

I 

1 

Ta-12. 5W 

L-R 

63 

71 

23 

■ 

■ 

1 

■ 

■ 

1 

16 

23 

30 

12 

15 

55 

7 

9 

52 

Ta-10W-2, 5Hf 

■m 

100 

105 

48 

56 

B 

35 

40 

25 

m 

23 

E 

(T  222) 

L-R 

70 

77 

28 

28 

47 

a 

26 

37 

20 

m 

23 

1 

17 

18 

24 

9 

10 

43 

Ta-10W-2, 5Mo 

L-B 

16 

22 

L-R 

75 

77 

31 

21 

24 

72 

17 

19 

76 

13 

18 

77 

8 

10 

78 

Voir  reference  (a)  (page  93). 


(Voir  page  suivante) 
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70°F 

2 700° F 

2i00°F 

2700°F 

3000°F 

’5 00°F 

Alloy 

Stated*) 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

£1. 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

(kf 

_ 

si) 

(%) 

(k, 

osi) 

(%) 

(h 

si) 

(%) 

(kf 

si) 

(%) 

(k 

Jsi) 

_ 

(%) 

(kf 

_ 

}S  l) 

(%) 

Ta-8W-2Hf 

L-D 

0 

1 

10 

51 

68 

20 

41 

28 

21 

25 

76 

17 

E 

50 

H 

E 

B 

(T111L) 

L-R 

80 

IE 

29 

28 

50 

25 

38 

36 

24 

32 

30 

11 

1 

48 

li 

B 

M-E 

180 

192 

2.5 

1 

| 

1 

M-E-R 

94 

103 

30 

1 

1 

■ 

■ 

■ 

Ta-8W-2Hf 

L-D 

130 

137 

15 

80 

85 

15 

50 

57 

25 

24 

30 

64 

m 

22 

60 

■ 

■ 

■ 

(T111M) 

L-R 

1 

19 

46 

1 

Ta-5W-2. 5Mo 

L-B 

40 

53 

1 

i 

20 

30 

L-R 

100 

107 

31 

1 

I 

i 

75 

18 

22 

85 

13 

18 

120 

8 

10 

120 

Ta-10Hf-5W 

L-R 

M 

I 

16 

38 

i 

i 

1 

19 

66 

■ 

■ 

|i 

wSM 

n 

1 

25 

40 

1 

E 

34 

40 

50 

20 

24 

36 

1 

20 

40 

1 

■ 

I 

Ta-7. 5V-30Nb 

L-B 

48 

62 

35 

21 

35 

76 

■ 

■ 

L-D 

140 

155 

16 

30 

40 

65 

■ 

■ 

L-R 

120 

28 

30 

40 

50 

24 

30 

85 

13 

15 

100 

9 

10 

100 

1 

4 

1 

Ta-8W-2. 5Re 

L-R 

91 

107 

24 

1 

■ 

■ 

24 

34 

70 

21 

27 

54 

17 

20 

49 

11 

14 

32 

(GE473) 

1 

1 

9 

(a)  1st  Index  :  L  =  sheet,  B  =  forged  or  swaged  bar,  M  =  thin  sheet  (T  $  0.012  in). 
2nd  index  :  B  =  as  rolled  or  as  forged,  D  =  stress-relieved,  E  -  cold  worked  90%, 
R  =  recrystallized. 


7.2  Materials  Advisory  Board  Targets 

The  Materials  Advisory  Board  has  laid  down  the  following  target  figures  for  an 
advanced  alloy: 

in  optimum  conditions  :  Elongation  at  rupture  at  room  temperature  :  15% 

Tensile  properties  (kpsi): 

0. 2%  YS  UTS 
at  2400°P  ..  30  ..35 

at  3000°F  ..  15  ..25 

at  3300°P  . .  10  . .  15 

UTS  unnotched/notched  ratio  at  room 
temperature  :  1.2 

Ductile-to-brittle  transition  temperature  :  less 
than  -320°P 

Bend  test  at  room  temperature  :  1  T  (base  metal) 

2  T  (weld) 

in  recrystallized  conditions:  Elongation  at  rupture  at  room  temperature  :  20% 

Tensile  properties  at  3500°P  :  0. 2%  YS  :  10  kpsi 

UTS  15  kpsi 
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Alliage 

Etat^ 

20°C 

1. 

200" 

C 

1. 

320°C 

1. 

4 80°C 

1. 

650°C 

1.925°C 

El 

1 

Ijy 

Q 

1 

1 

n 

n 

B 

9 

A 

(%) 

JJj 

9 

A 

(%) 

Ta-8W-2Hf 

L-D 

91 

103 

i 

36 

47 

20 

25 

29 

28 

B 

18 

76 

12 

B 

50 

7 

8 

41 

(T  111L) 

L-B 

56 

63 

29 

20 

35 

25 

23 

27 

36 

Ka 

22 

30 

8 

D 

48 

8 

9 

34 

M-E 

125 

134 

2,5 

I 

M-E-B 

66 

72 

30 

i 

■ 

Ta-8W-2Hf 

H 

91 

96 

15 

56 

60 

15 

35 

40 

25 

17 

21 

64 

19 

19 

60 

■i 

(T  111M) 

,  . 

H 

B 

46 

■ 

■ 

■ 

Ta-5*-2, 5Mo 

L-B 

28 

37 

| 

D 

28 

19 

21 

■ 

L-fi 

70 

75 

31 

1 

D 

19 

75 

B 

15 

85 

9 

13 

120 

6 

E 

120 

Ta-10Hf-5W 

92 

95 

16 

27 

42 

40 

19 

19 

66 

■ 

1 

70 

77 

25 

28 

35 

10 

24 

28 

50 

14 

17 

36 

IS 

B 

40 

1 

■ 

I1 

Ta-7, 5V-30Nb 

L-B 

E9 

43 

35 

15 

25 

76 

■ 

L-D 

98 

107 

16 

In 

28 

65 

L-B 

74 

84 

28 

21 

28 

50 

17 

21 

85 

11 

100 

III 

100 

Ta-8W-2, 5Re 

L-B 

64 

75 

24 

17 

24 

70 

15 

19 

54 

12 

Q 

49 

8 

10 

32 

( GE  473) 

_ 

■ 

(a)  ler  indice  :  L  =  lamine,  B  =  barre,  M  =  t6le  mince  e  $  0, 3  mm. 

2eme  indice  B  =  brut  de  fabrication,  D  =  restaure,  B  =  recristallise, 
E  =  <*croui  a  froid  90%. 


7. 2  Specifications  du  Materials  Advisory  Board 

Le  Materials  Advisory  Board  a  ddfini  comme  suit  les  buts  a  atteindre,  pour  un 
alliage  avanc^: 

dans  les  conditions  optima:  Allongement  de  rupture  a  20°C  ....  15% 

Caractdristiaues  en  traction: 

A  1. 320 °C  ..  LE  =  21  kg/mm2  R  =  24,5  kg/rnn2 

k  1.650°C  ..  LE  =  11  kg/mm2  R  =  17,5  kg/mm2 

&  1. 825°C  ..  LE  =  7  kg/mm2  R  =  11  kg/mm2 

R  entailiee/R  lisse  =  1,2  k  20°C 

Temperature  de  transition  ductile-fragile  ^  -  195°C 

Pliage  k  20°  1  T  (metal  de  base) 

2  T  (metal  soude) 

dans  I'etat  recristallisi  :  Allongement  de  rupture  a  20°C  ....  20% 


Caracteristiques  en  traction: 

4  1. 950°C  ..  LE  =  7  kg/mm2  R  =  10, 5  kg/mm2 


7.3  Creep  Properties 

7.3.1  Stress  Rupture  Data 

(Estimated  or  mean  values  in  kpsi) 


(a)  1st  index  :  L  =  sheet,  2nd  index  :  D  =  stress-relieved,  R  =  recrystallized.  *  at  2200°P. 


7.3.2  Creep  Stress 

The  few  results  published  so  far  relate  to  tests  on  laboratory  produced 
specimens;  only  representative  values  can  thus  be  given  at  present. 

The  following  results  are  illustrative: 


Alloy 

•Stated 

Temperature 

rn 

Stress  " 
(psi) 

Creep  elongation 

(%) 

Ta-lOW 

L-R 

2800 

3000 

0.2%  in  1  hour 

2000 

43000 

2%  in  1  hour 

(a)  L-R  =  recrystallized  sheet. 
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7.3  Caract^ristiques  de  Fluage 

7.3.1  Rupture  Differee 

Valeurs  moyennes  ou  estim^es  (en  kg/min2) 


Alliage 

£tat(a) 

1.090°C 

1.320°C 

1.480°  C 

1.650°C 

1 . 925°C 

lk 

10k 

lh 

10k 

lh 

lOh 

lh 

lOh 

lh 

lOh 

Ta-lOW 

L-D 

37 

32 

21 

16 

14 

10 

9 

6 

3 

L-R 

35 

14 

10 

5 

Ta-7, 5V-30Nb 

Ta-5W-2,  5Mo 

L-R 

13 

8 

4 

2,5 

Ta-8W-2Hf 

L-D 

22 

14 

(T  111L) 

L-R 

22 

15 

Ta-8W-2Hf 
(T  HIM) 

L-D 

23 

15 

Ta-10W-2,  5Mo 

L-R 

15 

12 

5,5 

3,5 

Ta-10W-2, 5Hf 

L-R 

45* 

37* 

29 

24 

11 

(T  222) 
Ta-8W-2, 5Re 
(GE  473) 

L-R 

_ 

5.6 

3,5 

(a)  ler  indice  :  L  =  lamine..  2eme  indice  :  D  =  restaure,  R  =  recristallise.  •  a  1200°C. 


7.3.2  Fluage 

Le  peu  de  rfeultats  publics  jusqu’  ici  est  relatif  h  des  essais  sur  des  ^chantillons 
produits  en  laboratoire.  On  ne  peut  done  donner  pour  1’  instant  de  valeurs 
representatives. 

A  titre  indicatif,  les  rdsultats  ci-dessous  sont  pre'sent^s: 


Alliage 

EtaS(a) 

Temperature 

(°C) 

Contrainte 

(kg/mm2) 

Allongement  de 
fluage  (%) 

Ta-lOW 

L-R 

1.540 

2 

0,2  en  lh 

1.090 

30 

2  en  lh 

(a)  L-R  =  lamine  recristallise. 
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7.4  Young’s  Modulus  (millions  of  psi) 


Alloy 

Temperature  (°F) 

70 

2000 

2500 

3000 

Ta-lOff 

28 

15 

10 

6.5 

Ta-8W-2Hf 

28 

Ta-7. 5V-30Nb 

22 

I 

I 


£ 


i 

s 


7.5  Stress-Relief  and  Recrystailization 

As  in  the  case  o?  tantalum  pure  metal,  the  conditions  appropriate  to  heat 
treatments  for  stress-relief  and  recrystailization  depend  very  largely  on  how  the  metal 
has  been  produced,  its  degree  of  hot  or  cold  work  and  its  interstitial  impurity 
content. 

The  following  are  the  most  commonly  applied  treatments: 


Alloy 

State^ 

Recrystailization 

treatment 

Stress-relief 

treatment 

Ta-lOW 

L 

lh  at  2600-2500°P 

3h  at  2250°P 

B 

lh  at  2750°F 

lh  at  2200°P 

Ta-12. 5W 

L 

lh  at  2750-2900°P 

lh  at  2000-2400°P 

Ta-10W-2. 5Hf 

L 

lh  at  3000°F 

lh  at  2000°F 

(T222) 

Ta-10ff-2. 5Mo 

L 

lh  at  27 50-3 100 °F 

lh  at  2000- 2400 °P 

Ta-8W-2Kf 

L 

lh  at  3000°P 

3h  at  2250°P  or 

(T111M) 

lh  at  2350°P 

(T111L) 

L 

lh  at  3000°P 

lh  at  2000°P 

Ta-5W-2. 5Mo 

L 

lh  at  2550°P 

lh  at  2000°P 

B 

lh  at  2800°P 

Ta-7. 5V-30Nb 

L 

lh  at  2200-2350°P 

Vto  at  1800*2020°P 

GE-473 

L 

!h  at  2750-2800°P 

(a)  L  =  sheet,  B  =  forged  or  swaged  bar. 


7.6  Ductile-to-Brittle  Transition  Temperature 

A  great  part  of  the  interest  of  current  tantalum  alloys  lies  in  the  fact  that 
their  ductile-to-brittle  transition  temperatures  are  extremely  low. 


} 
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7.4  Module  d'  Elasticity  (kg/mm2) 


Alliage 

Temperature  (°C) 

20 

1.090 

1.370 

1.650 

Ta-lOW 

20.000 

10.  500 

7.000 

4.500 

Ta-8W-2Hf 

20. 000 

Ta-7, 5V-30Nb 

15.500 

7.5  Restauration  et  Recrlstallisation 

Comme  dans  le  cas  du  tantale  non  allid,  les  conditions  4  appliquer  pour  les 
traitements  thermiques  de  restauration  ou  de  recristallisation  ddpenoent  fortement 
de  l’historique  de  la  fabrication  du  mdtal,  de  son  degrd  d’  dcrouissage  4  chaud  ou  4 
froid,  de  sa  teneur  en  impuret^s  interstitielles. 

Les  traitements  appliques  le  plus  couramment  sont  les  suivants: 


Alliage 

£tat<a> 

— 

Traitement  de 
recristallisation 

Traitement  de 
detente-restauration 

fa-lOff 

L 

lh  4  i. 430-1. 370°C 

3h  4  1. 225°C 

B 

lh  4  1 . 500°C 

lh  4  1. 200°C 

Ta-12, 5W 

L 

lh  4  1. 500-1. 600°C 

lh  4  1. 090-1. 300°C 

Ta-10W-2, 5Hf 

L 

lh  4  1.650°C 

lh  4  1. 090°C 

(T  222) 

Ta-10W-2, 5Mo 

L 

lh  4  1. 500-1. 700°C 

lh  4  1. 090-1. 300°C 

Ta-8W-2Hf 

L 

lh  4  1.650°C 

3h  4  1. 225°C  ou 

(T  HIM) 

lh  4  1. 300°C 

(T  111L) 

L 

lh  4  1.650°C 

lh  4  1. 090°C 

Ta-5W-2,  5Mo 

L 

lh  a  1.400°C 

lh  4  1 . 090°C 

B 

lh  a  1. 540°C 

Ta-7, 5V-30Nb 

L 

lh  4  1. 200-1. 300°C 

l/2h  a  980-1. 100°C 

GE-473 

L 

lh  a  1. 500-1. 600°C 

(a)  L  =  lamind,  B  =  barre. 


7.6  Transition  Ductile -Fragile 

Les  alliages  de  tantale  actuels  prdsentent  des  temperatures  de  trans.cion  ductile- 
fragile  extrdmement  basses,  et  c’  est  ce  qui  constitue  une  grande  partie  de  leur 
intertt. 


f 


The  following  table  shows  a  number  of  low -temperature  properties: 


Alloy 

Stated 

Tensile  properties^ ^ 

■SH 

o.m 

YS 

(kpi 

i 

’F 

El. 

(%) 

e 

(%) 

0.2% 

YS 

(kps 

_ 

l 

’F 

El. 

(%) 

e 

(%) 

0.2% 

YS 

(kpt 

454' 

UTS 

i) 

5F 

El. 

(%) 

e 

(%) 

Tensi i 

un¬ 

not¬ 

ched 

e  test 

not¬ 

ched 

Bend¬ 

ing 

test 

Ta-lOW 

L 

B-D 

B-R 

170 

180 

207 

150 

8 

80 

75 

1 

m 

70 

62 

Ta-12. 5W 

I.-R 

■ 

1 

1 

■ 

1 

1 

■ 

■ 

1 

■ 

<-320 

Ta-10W-2. 5Hf 
(T222) 

L-R 

176 

183 

28 

51 

■ 

■ 

1 

■ 

1 

1 

1 

<-320 

■ 

Ta-10W-2. 5Mo 

L-R 

■ 

1 

■ 

■ 

1 

■ 

■ 

1 

1 

-150 

<-320 

Ta-8W-2Hf 

(T111L) 

L-D 

L-R 

| 

■ 

18 

27 

1 

1 

1 

1 

1 

■ 

| 

§ 

41 

<-454 

<-454 

■ 

Ta-8W-2Hf 

(T111M) 

L-D 

186 

195 

13 

16 

■ 

1 

1 

1 

■ 

1 

1 

1 

<-454 

■ 

Ta-8W-2. 5Re 

L-R 

■ 

1 

■ 

■ 

1 

1 

■ 

■ 

■ 

<-320 

■ 

Ta-5W-2. 5Mo 

L-R 

■ 

1 

■ 

■ 

1 

■ 

■ 

1 

■ 

■ 

<-320 

Ta-10Hf-5W 

L-R 

158 

160 

6 

1 

■ 

■ 

1 

■ 

■ 

1 

1 

■ 

■ 

H 

Ta-7.  5V-30Nb 
Ta-8W-2. 5Re 
(GE473) 

L-R 

L-R 

I 

■  .  1 

| 

28 

36 

1 

1 

i 

1 

1 

1 

1 

l 

1 

1 

<-320 

(a)  1st  index:  L  =  sheet.  B  =  bars.  2nd  index:  D  =  stress-relieved.  R  =  recrystallized. 

(b)  c  =  reduction  of  area. 


8.  CORROSION  OF  ALLOYS  BY  GASES,  CHEMICALS 
AND  LIQUID  METALS 

8.1  Resistance  to  Oxidation  -  General 

As  in  the  case  of  niobium,  research  has  made  it  possible  to  evaluate  the  effects 
of  various  additives  (but  the  studies  have  been  less  intensive). 

Resistance  to  oxidation  “ per  se"  within  a  temperature  range  of  1800-2600°F:, 


asjeeste Mfc 
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Le  tableau  ci-apr^s  presente  quelques  caract^ristiques  k  basse  temperature: 


Alliage 

Etat(a,) 

Caracteristiqu.es  en  traction^ 

T°  de  transition 
due  tile -fragile  (°C) 

LE 

(kg/ 

-195 

R 

m 2) 

°C 

A 

(%) 

(%) 

LE 

(kg/ 

-25 

R 

m2) 

°C 

A 

(%) 

(%) 

LE 

(kg/ 

-269 

R 

wn2) 

°C 

A 

(%) 

e 

(%) 

' 

Tr 

lisse 

action 
entail  lie 

Pliage 

Ta-lOW 

L 

B-D 

B-R 

120 

130 

145 

105 

8 

80 

75 

170 

120 

7U 

62 

<-250 

<-250 

<-250 

<-230 

Ta-12, 5W 

L-R 

<-195 

Ta-10W-2,  5Hf 
'(T  222) 

L-R 

123 

128 

28 

51 

<-195 

Ta-10W-2, 5Mo 

L-R 

-100 

<-195 

Ta-8W-2Hf 
(T  111L) 

L-D 

L-R 

128 

101 

133 

106 

18 

27 

162 

133 

0,5 

17 

41 

<-269 

<-269 

Ta-8W-2Hf 
(T  111M) 

L-D 

130 

136 

13 

16 

<-269 

Ta-8W-2, 5Re 

L-R 

<-195 

Ta-5W-2, 5Mo 

L-R 

<-195 

Ta-10Hf-5W 

. 

L-R 

111 

112 

6 

Ta-7, 5V-30Nb 

L-R 

100 

110 

28 

<-195 

Ta-8W-2,  5Re 
(GE  473) 

L-R 

106 

125 

36 

(a)  ler  indice:  L  =  lamine.  B  =  barre.  2eme  indice  :  D  =  restaure.  R  =  recristallise.. 

(b)  e  =  striction. 


8.  CORROSION  DES  ALLI AGES  PAR  LES  GAZ, 

PRODUITS  CHIMIQUES  ET  METAUX  FONDUS 

8.1  Resistance  k  1’  Oxydation  -  General ites 

Comme  dans  le  cas  du  niobium,  des  etudes  (moins  intensives  cependant)  ont  permis 
d’  apprecier  1*  action  de  differents  elements  d’  addition: 

Pour  la  resistance  a  V oxydation  proprement  dite,  dans  la  zone  de  temperatures 
1. 000-1. 400°C: 


100 


■1 


Ti,  Zr  and  Hf  are  the  most  effective; 

V  and  Nb  are  moderately  effective  at  1800-2200°F, 

Cr,  Mo,  W.Si,  B,  Fe,  Ni,  Y  have  very  little  effect. 

Ternary  combinations  have  no  advantages. 

In  all  cases,  oxidation  rates  are  not  low  enough  to  dispense  with  protective 
coatings. 

Resistance  to  contamination: 

Th,  Si,  Ti,  Zr  and  Hf  have  some  effect, 

W,  V,  Re  and  Mo  have  a  very  slight  effect. 

The  oxidation  rate  of  the  alloy  Ta-lOW  is  about  two-thirds  that  of  pure  tantalum 
metal. 

8.2  Resistance  to  Chemicals 

Little  information  concerning  alloys  is  available.  The  addition  of  up  to  20-30% 
titanium  does  not  impair  the  corrosion  resistance  of  tantalum  in  HN03  and  HC1. 

8.3  Resistance  to  Liquid  Metals 

The  alloy  Ta-8W-2Hf  has  approximately  the  same  resistance  to  liquid  metals  as 
pure  tantalum  metal. 

It  is  highly  resistant  to  liquid  caesium  (100  hours  at  2500°F). 


9.  FABRICATION 


9. 1  Welding 


Alloy 

Welding  properties 

Ta-lOW 

Good.  Preferably  in  annealed  state.  Ductility  much  the  same 
as  that  of  the  base  metal. 

Ta-12. 5W 

Good.  Preferably  in  annealed  state.  Bend  on  4T  at  70°F. 

Yet  transition  temperature  is  raised. 

Ta-10W-2. 5Hf 
(T222) 

Good.  Ductile -to-brittle  transition  temperature  <-240°F. 

Ta-10W-2. 5Mo 

Poor.  Weld  brittle  at  room  temperature,  ductile  at  +400°F. 

Ta-8W-2Hf 

Good.  Preferably  under  helium  atmosphere.  Ductility  still  good 
at  -200°F  (bead  on  2T). 

? 

t 

i 

l 

i 

* 

i 


i 


(Continued) 
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Ti,  Zr,  Hf  ont  1*  action  la  plus  efficace, 

V,  Nb  ont  une  action  mod^r^e  4  1. 000-1. 200°C, 

Cr,  Mo,  W,  Si,  B,  Pe,  Ni,  Y  ont  une  tr4s  faible  influence. 

Des  combinaisons  ternaires  n’  apportent  pas  d’avantages. 

Dans  tous  les  cas,  les  vitesses  d’oxydation  ne  sont  pas  suffisamment  faibles 
pour  dviter  un  revltement  protecteur. 

Pour  la  resistance  a  la  contamination: 

Th,  Si,  Ti,  Zr,  Hf  ont  une  certaine  efficacitd, 
ff,  V,  Re,  Mo  ont  une  action  tr4s  faible. 

La  vitesse  d’  oxydation  de  1’  alliage  Ta-lOW  est  environ  les  deux  tiers  de  celle 
du  tantale  non  allie. 

8. 2  Resistance  aux  Produits  Chimiques 

Peu  d’  informations  sont  disponibles  pour  les  alliages.  L’  addition  de  titane 
jusqu’4  20-30%  n’altdre  pas  la  resistance  4  la  corrosion  du  tantale  dans  HN03  et  HC1. 

8.3  Resistance  aux  INetaux  Fondus 

L’  alliage  Ta-8W-2Hf  a  sensiblement  la  m§me  resistance  aux  met aux  fondus  que  le 
tantale  non  allie. 

II  resiste  tr4s  bien  au  cesium  fondu  (100h-1.380°C). 


9.  MiSE  EN  OEUVRE 


9.1  Soudage 


Alliage 


Ta-lOW 


Ta-12,  5W 


Ta-10W-2,5Hf 
(T  222) 


Soudabilite 

Bonne.  De  preference  sur  etat  recuit.  Ductilite  tres  voisine 
de  celle  du  metal  de  base. 

Bonne.  De  preference  sur  etat  recuit.  Pliage  a  4T  4  20°C. 
Cependant,  la  temperature  de  transition  est  augmentee. 

Bonne.  Temperature  de  trinsition  ductile-fragile  <-150°C. 


Ta-10W-2, 5Mo  Mauvaise.  Soudure  fragile  a  20°C,  ductile  a  +200°C. 


Ta-8W-2Hf 


Bonne.  De  preference  sous  helium.  Ductilite  encore  tr4s  bonne 
4  -130°C  (pliage  a  2T). 

(Voir  page  suivante, 


Alloy 

Ta-8W-2. 5Re 


Welding  properties 
Good.  Helds  ductile  at  room  temperature. 


Ta-5W-2. 5Mo 

Fairly  good.  Helds  remain  ductile  at  room  temperature.; 

Ta-10Hf-5W 

Poor.  Weld  is  brittle  at  room  temperature. 

Ta-7. 5V-30Nb 

Good. 

The  above  considerations  apply  to  TIG  fusion  arc  welding  (unless  otherwise 
stated) . 

9. 2  Brazing 

Little  research  has  been  done  in  this  field  because  the  fusion  welding  properties 
of  tantalum  alloys  are  generally  good. 

The  same  brazing  solders  as  are  used  for  Nb  have  been  envisaged,  although  their 
acceptable  working  temperatures  do  not  accord  with  the  working  temperatures  under 
consideration  for  tantalum  alloys. 

Promising  brazing  alloys  may  be  found  in  the  system:  Nb  +  10  to  30%  V  +  10 
to  30%  Ta.  • 

It  is  proposed  to  use  mixtures  of  alloys  with  relatively  low  melting  points  and 
powders,  to  form  new  alloys  by  diffusion  and  remelt  at  high  temperatures 
(“diffusion  sink  technique”);  hence,  working  temperatures  would  be  improved.  For 
example,  for  the  brazing  of  the  alloy  Ta-lOW: 


Brazing  alloy 

Me  Iting 
point 
(°F) 

Addition  (powder) 

Rente  1 1 
temperature 

Zr 

Ti 

D 

Fe 

St 

Mo 

Ta 

43 

25 

32 

u 

mg 

Mo  or  Nb  +  C  or  B 

66 

27 

Ta 

equal  to 

69 

29 

Si 

2 

HI 

Ta  or  Mo 

or  over 

28 

47 

■ 

15 

10 

Ta 

3400°F 

52 

21.5 

1 

1.5 

25 

■9 

Mo 

9. 3  Forming 


The  alloys  are  prepared  by  double  melting  (arc  or  electron  beam). 
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Alliage 

Soudabiliti 

Ta-8W-2, 5Re 

Bonne.  Soudures  ductiles  d  temperature  ambiante. 

Ta-5W-2,  5Mo 

Assez  bonne.  Les  soudures  restent  ductiles  k  20°C. 

Ta-10Hf-5W 

Mauvaise.  Soudure  fragile  a  1’ ambiante. 

Ta-7, 5V-30Nb 

Bonne. 

|  Les  considerations  pr^c^dentes  s’  appliquent  au  cas  de  soudage  par  fusion  4  1’  arc 

I  TIG  (sauf  mention  contraire). 

I 

|  9. 2  Brasage 

IPeu  d’  Etudes  ont  £t&  effectuees  dans  ce  domaine  du  fait  de  la  soudabilite  par 
v*  fusion  gendralement  bonne  des  alliages  de  tantale. 

! 

■  Les  m§mes  alliages  que  ceux  utilises  pour  le  cas  du  Nb  ont  ete  envisages,  bien 

que  leur  temperature  de  service  acceptable  ne  soit  plus  en  harmonie  avec  les 
temperatures  de  service  envisagees  pour  les  alliages  de  tantale. 

Des  alliages  de  brasage  prometteurs  sont  fournis  par  le  systdme  Nb  +  10  a 
30%  V  +  10  k  30%  Ta. 

On  envisage  d’  utiliser  des  melanges  d’  alliages  fondant  a  temperature  relativement 
basse  et  de  poudre,  pour  former  par  diffusion  des  alliages  refondant  d  haute 
temperature  (“diffusion  sink  technique”),  d’ ou  des  temperatures  de  service  ameiiorees. 
Par  example  pour  le  brasage  de  1*  alliage  Ta-10W:. 


Alliage  de  brasure 

T°  de 
fas  ion 

(°C) 

Addition  ( poudre ) 

Temperature 

de 

re fusion 

Zr 

Ti 

V 

Fe 

Si 

Mo 

Ta 

43 

25 

32 

1.215 

Mo  ou  Nb  +  C  ou  B 

supdrieure 

66 

27 

7 

1.480 

Ta 

ou 

69 

29 

2 

1.550 

Ta  ou  Mo 

dgale 

28 

47 

15 

10 

1.650 

Ta 

k 

52 

21,5 

1.5 

25 

1.660 

Mo 

1. 870°C 

9.3  Fabricabilite  -  Production 

Les  alliages  sont  prepares  par  double  fusion  (par  bombardement  eiectronique  et/ou 
&  1’  arc) . 


Alloy 

r . .  ■  "  " 

Forming  process 

Product 

Ta-lOW 

Rough  forging  at  2200°p,  then 
at  1500°F.  Warm  finishing 
(700-460°F)  and  cold  working  up 
to  90%.  Sections  have  been 
extruded  at  3200°P. 

Sheet  down  to  0.02  in  thick. 
Dimensions:  24  in  x  72  in  x 

0.06  in  thick.  Strip  -  Foil  - 
Bars  -  Wire. 

Ta-12. 5W 

Forging  at  2400-2600°F.  Final 
rolling  preferably  warm  (700°F). 

Sheet  up  to  0.04  in  thick. 

Bars  -  Wire. 

Ta-10W-2. 5Hf 
(T222) 

Forging  at  2600°F,  followed  by 
annealing  at  3000°F.  Rolling 
at  2000-2200°F  and  final  warm 
or  cold  rolling. 

Sheet  -  Bars. 

Ta-10W-2. 5Mo 

Rough  extrusion  at  2600°F. 
followed  by  annealing  at 

3000°F  and  forging  at  2200- 
2400°F.  Final  rolling 
preferably  at  1025-800°F. 

Sheet  up  to  0.04  in  thick  and 

6  in  wide.  Bars. 

Ta-8W-2Hf 

Forging  at  2400°F.  Final 
rolling  warm  (1475-925°F)  or 
cold.  Moderate  forming  and 
spinning  possible  at  R.T. 

Sheet  (18  in  x  96  in  down  to 

0.01  in  thick).  Strip  -  Foil  - 
Bars  -  Wire  (down  to  0.06  in 
dia). 

Ta-5W-2. 5Mo 

Rough  extrusion  at  2650°F, 
followed  by  annealing  at 

3000°F  and  forging  at  2200- 
2400°F.  Final  rolling 
preferably  at  1025-800°F. 

Sheet  (6  in  wide,  down  to 

0.04  in  thick).  Bars. 

Ta-10Hf-5W 

Extrusion  at  3300-3800°F. 

Rolling  at  1800-2200°F. 

Sheet. 

Ta-7. 5V-30Nb* 

Rough  extrusion  at  3300- 
3700°F  followed  by  forging  at 
2200-2900°F.  Hot  rolling  at 
1800°F,  then  at  850°F.  Final 
cold  rolling  up  to  40%. 

_ 

Sheet  -  Bars. 

Selected  for  the  Sheet  Rolling  Program  of  the  D.  S.  Department  of  Defense. 
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Alliage 

Fabricabiliti 

Production  (pilote) 

Ta-lOW 

Ddgrossissage  par  forgeage  4 

1. 200°C,  puis  4  820°C.  Pinltion 

4  ti4de  (370-260°C),  puis  4 
froid  jusqu’  4  90%.  Des  profiles 
opt  dtd  filds  4  1. 750°C. 

T&les  jusqu’ 4  e  =  0,5  mm. 
Dimensions  600  x  1.800  en 

1,  5  mm  d’  dp.  -  Bande  -  Feullle 
mince  -  Barre  -  Fil. 

Ta-12, 5W 

Forgeage  4  1. 300-1. 400°C. 

Laminage  final  de  prdfdrence  4 
ti4de  (370°C). 

TOle  jusqu’ 4  e  =  1  ran.  Barre  - 
Fil. 

Ta-10W-2, 5Hf 
(T  222) 

Forgeage  4  1.300UC,  suivi  de 
recuit  4  1.650°C.  Puis  laminage 

4  1. 100-1. 200°C  et  laminage 
final  4  ti4de  ou  4  froid. 

TOle  -  Barre. 

Ta-10W-2,  5Mo 

Ddgrossissage  par  filage  4 

1.450°C,  suivi  de  recuit  4 

1.650°C,  puis  de  forgeage  4 

1. 200-1. 300°C.  Laminage  final 
de  prdfdrence  4  550-430°C. 

TOle  jusqu’  4  e  =  1  mm,  largeur 
150  mm  -  Barre. 

Ta-8W-2Hf 

Forgeage  4  1.300°C.  Laminage  de 
finition  4  ti4de  (800-500°C),  oua 
froid.  Des  formages  ou 
repoussages  moddrds  peuvent  §tre 
effeetuds  4  20°C. 

TOle  (450  x  2.400  jusqu’ 4 
e  =  0,  25) .  Bande  -  Feuille 
mince  -  Barre  -  Fil  (jusqu’ 4 

0  1, 5  mm). 

Ta-5W-2, 5Mo 

Ddgrossissage  par  filage  4 

1. 450°C,  suivi  de  recuit  4 

1.650°C,  puis  de  forgeage  4 
1.200-1. 300 °C.  Laminage  final 
de  prdfdrence  4  550-430°C. 

TOle  jusqu’  4  e  =  1  mm,  largeur 
150  mm  -  Barre. 

Ta-10Hf-5W 

Filage  4  1. 800-2. 100°C. 

Laminage  4  1.000-1. 200°C. 

TOle. 

Ta-7, 5V-30Nb* 

Ddgrossissage  par  filage  4 

1.800-2. 000°C  suivi  de  forgeage 

4  1. 200-1. 300°C.  Laminage  4 
chaud  4  1.000°C,  puis  4  450°C. 
Laminage  final  4  froid  jusqu’ 4 

40%. 

TOle  -  Barre. 

*  Selectionne  dans  le  Sheet  Rolling  Program  da  Department  of  Defense  des  Etats-Unis. 


9.4  Machining 


The  techniques  recommended  for  niobium  and  pure  tantalum  metal  should  be  used. 
9.5  Descaling 

The  same  baths  as  those  mentioned  for  niobium  may  be  used:  20-35  HP  +  0  to 
13  HjSO,,  +  10-25  HN03  +  H20  (%  by  volume),  at  70-140°P. 
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9. 4  Us inage 

Les  mdmes  techniques  que  celles  pr^conis^es  dans  le  cas  du  niobium  ou  tantale  non  j 

allids,  sont  k  respecter.  j 

9.5  Dlcalaminage 

On  peut  utiliser  les  e<Jmes  bains  que  ceux  prdvus  pour  les  alliages  de  niobium: 

20-35  HP  +  0  k  13  H2S04  +  10-25  HN03  +  H20  (%  en  volume), (&  20-60°C). 


CHAPTER  III  -  MOLYBDENUM  AND  MOLYBDENUM  ALLOYS 


1.  PHYSICAL  PROPERTIES  OP  MOLYBDENUM  METAL 

1.1  Atomic  Number:  42  Atomic  weight  :  95.95  Group  \T.  A. 

1. 2  Crystal  Structure 

Body-centred  cubic  (no  transformation  point)  lattice  constant  :  3. 1468  X  at 
R.T.  -  atomic  diameter  :  2.795  A. 

1.3  Density 
0.369  lb/iu3. 

1.4  Melting  Point 
4750°F. 


1.5  Vapour  Pressure 


Temp.  (°F)  2900 

mmHg '  It.  5  x  10”  8  1 


3500 

mo 

mo 

4600 

5400 

7200 

8500 

9400 

10270 

xlO"5 

5x10"“ 

1  x  10'3 

1  x  10’2 

1  x  10' 1 

1 

10 

100 

760 

Hie  evaporation  rate  la  a  vacuum  of  10'5  torr  is: 


Temperature  (°F) 

3000 

mo 

6600 

Evaporation  rate 
in  (g/cm2  s) 

5.3  x  10"? 

5  x  10'“ 

7.7  x  10*2 

1.6  Specific  Heat 


Temperature  (°F) 

70 

1800 

3600 

Specific  heat  (Btu/lb  °P) 

0.059 

0.  080 

0.11 

CHAPITBE  III  -  MOLYBDENE  ET  ALLIAGES  DE  MOLYBDENE 

1.  PROPRIETES  PHYSIQUES  DU  MOLYBDENE  NON  ALLIE 

1.1  Num^ro  Atomique:  42  Masse  atomique  :  95,95  Groupe  VI  A. 

1.2  Structure  Cristallitie 

Cubique  centre  (pas  de  point  de  transformation)  rdseau  :  3, 1468  A  A  20°  -  diametre 
atomique  :  2,795  A. 

1. 3  Density 
10, 22  g/cm3. 

1.4  Temperature  de  Fusion 
2.610°C. 

1.5  Tension  de  Vapeur 


Temp.  (°C) 

1.600 

1.900 

2.200 

2.300 

2.500 

3.000 

mmHg 

2,5  xlO-8 

1  xlO'5 

5  x  10” 11 

1  x  10'3 

1  xlO-2 

1  xlO-1 

5.200 

5.690 

100 

760 

La  vitesse  d’ evaporation  dans  un  vide  dynamique  de  10”5  torr  est: 

Tempiratiire  (°C)  1.630  2.630  3.630 

_ sfe _ 

Vitesse  d’  evaporation 

(g/cm2  s)  5,3  x  10‘9  5  x  10"w  7,7  x  10"2 


1.6  Chaleur  Sp4cifique 

Temperature  (°C) 


20  1.000  2.000 


Chaleur  specif ique  (cal/g  °C)  0, 059  0, 080  0, 11 
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1.7  Thermal  Conductivity 

Temperature  (°F) 
(Btu  ft/h  ft2  °F) 


1.8  Thermal  Expansion 


Temperature  (°F) 

70 

(microin/in  °F) 

2.8 

The  general  formula  is  Lt  =  L?Q  (1  +  2,8  x  10'6  x  T  +  3,25  x  10_10T2)  (T  In  °F) 

1.9  Electrical  Resistivity  •% 


Temperature  (°F) 

70 

1800 

3600 

4500 

Resistivity 

(microhm-cm) 

5.2 

32 

65 

80 

Superconductivity  first  appears  at  1.5  °K  for  extra  pure  metal. 

1.10  Absorption  Cross-Section  (Thermal  Neutrons) 

2.5  barns/atom. 

1.11  Spectral  Emissivity 

Total  emissivity  in  relation  to  black  body: 


Temperature  (°F) 

900 

1800 

i 

3600 

Emissivity 

0.08 

0.13 

0.24 

m 


1.7  Conductibiiitd  Thermique 
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Tempirature  (°C) 

20 

1.100 

1.600 

Conductibilit4  thermique  (cal/°C  cm  s) 

0,35 

0,26 

0, 17 

1.8  Coefficient  de  Dilatation  Lin&iire 


Tempirature  (°C) 

20 

1.000 

1.500 

2.000 

a  x  106  noyen  de  20°  &  la 
temperature  considerde/°C 

5,1 

5,5 

6,2 

7,1 

La  formule  g^ndrale  est  :  LT  =  L20  (1  +  5  x  10-6  x  T  +  10,  5  x  10“10T2)  (T  en  °C). 

1.9  Rdsistivit^  Electrique 


Temperature  (°C) 

20 

1.000 

2.000 

2.500 

Resistivity 
(microhms -cm) 

5,  2„ 

32 

65 

80 

La  supraconductivitd  apparalt  a  1,5  °K  pour  du  mdtal  extra -pur. 

1. 10  Section  de  Capture  (Neutrons  Thermiques) 

2,5  bams/atome. 

1.11  Coefficient  d*  Emissivitd 

Emissivite  totale  par  rapport  au  corps  noir  - 


Tempirature  (°C) 

- i 

500 

1.000 

2.000 

Emissivitd 

0,08 

0, 13 

0, 24 

2.  MECHANICAL  PROPERTIES  OF  MOLYBDENUM  METAL 


2. 1  Typical  Analyses 

The  impurity  contents  of  commercial  molybdenum  products  (in  ppm)  are: 


Powder 

Arc 

Electron 
beam 
me  Ited 

metallurgy 

melted 

Oxygen 

30-100 

20-100 

<50 

Nitrogen 

10-50 

10-20 

<20 

Hydrogen 

5-10 

1-10 

1 

Carbon 

50-100 

100-400(a) 

<30 

Iron 

50-200 

50-100 

<10 

Nickel 

50-100 

10-100 

<10 

Silicon 

50-100 

50-100 

Chromium 

20-50 

20-40 

<10 

Tin 

20-50 

20-40 

(a)  added  before  melting 


2. 2  Tensile  Properties  at  High  Temperatures 
(Mean  values) 


State ^ 

70°F 

2000°F 

2600°F 

3000°F 

°yflHSEL  e 

fkP,i)  w  » 

0.2% 

YS 

(kpt 

UTS 

si) 

El.  e 
(%)  (%) 

UTS  El. 
kpsi  (%) 

°yf  UTS  El. 
(kpsi)  M 

P-C-D 

94  104  8 

40 

T-C-D 

100  106  16 

11 

6  9 

B-C-D 

90  96  20  60 

28 

34 

26 

4  6  35 

B-C-R 

57  70  40  35 

10 

20 

40 

P-F-D 

70  90  4 

T-F-D 

90  100  13 

15 

25 

25 

10  65 

-  6  40 

B-F-D 

80  90  20 

40 

43 

20 

6  9  30 

T-F-R 

62  72  40 

13 

25 

50 

10  65 

-  6  40 

as  drawn  wire  0.02  in  dia. 

140  20 

0.004  in  dia. 

155  10 

0.002  in  dia. 

19C  8 

(a)  P  =  plate 

T  =  sheet  (<  0. 2  in  thi^k) 
B  =  forged  or  swaged  bar 


C  =  arc -cast 
F  =  powder 
metallurgy 


D  =  stress-relieved 
R  =  recrystallized 
e  =  reduction  in  area 
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2,  PROPRIETES  MECANIQUES  DU  MOLYBDENE  NON  ALLIE 


2. 1  Analyses  Courantes 

Les  teneurs  en  impuret^s  des  demi-produits  commerciaux  en  molybd^ne  sont  (en  ppm) ; 


Metallurgie 

Fusion  a 

Fusion  par 
bombardement 

des  poudres 

l  'arc 

ilectronique 

Oxygdne 

30-100 

20-100 

<50 

Azote 

10-50 

10-20 

<20 

Hydrogene 

5-10 

1-10 

1 

Carbone 

50-100 

100-400(a) 

<30 

Per 

50-200 

50-100 

<10 

Nickel 

50-100 

10-100 

<10 

Silicium 

50-100 

50-100 

Chrome 

20-50 

20-40 

<10 

Etain 

20-50 

20-40 

(a)  ajoule  avant  fusion 


2. 2  Caract^ristiques  Mecaniques  en  Traction  &  Haute  Temperature 
(Valeurs  moyennes) 


(a)  P  =  tSles  epaisses  C  =  coule  a  1’  arc  D  =  recuit  de  detente 

T  =  toles  (&>.  $5  mm)  P  =  me'tallurgie  des  R  =  recristallise 

B  =  barres  forgoes  poudres  «  =  striction 


2.3  Tensile  Properties  at  Low  Temperatures. 

Ductile-to-Brittle  Transition 

The  ductile-to-brittle  transition  effect  assumes  extreme  importance  for 
molybdenum,  because  the  transition  temperature  for  this  metal  is  round  about  room 
temperature  or  rather  higher. 

The  transition  temperature  depends  largely  on: 

the  content  of  imiftuities,  especially  interstitials; 

the  method  of  fabrication  and  all  factors  (working  temperature,  degree  of 
reduction)  used  during  processing; 

the  final  state  (stress-relieved,  recrystallized),  structure  and  grain-size; 

the  kind  of  stress  applied  (tensile,  Dending,  impact),  rate  of  test,  type  of 
test  (notched  or  unnotched); 

Figure  1  gives  the  general  position  of  molybdenum  compared  with  the  other 
refractory  metals. 

The  following  tables  show  the  influence  of  interstitial  impurities: 

-  in  tensile  test  on  unnotched  test-bar:  (cast  and  fabricated) 


Oxygen 

(ppm) 

Transition 

temperature 

(°F) 

Nitrogen 

(ppm) 

Transition 

temperature 

(°F) 

Carbon 

(ppm) 

Transition 

temperature 

(°F) 

<1* 

-450 

<5 

-110 

<5 

-110 

<5 

-110 

10 

-75 

8 

-75 

30 

-40 

20 

+320 

14 

-40 

60 

-20 

60 

+390 

37 

+100 

80 

+15 

330 

+280 

100 

+30 

200 

+100 

240 

+  120 

*  Electron  beam  zone  refined  metal. 


r  vas  -frcrsMMnQ  ATOT-,  •aSf-trf&ma 
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2.3  Caractdristiques  en  Traction  k  Basse  Temperature. 

Transition  Ductile -Fragile 

Le  phdnomdne  de  transition  ductile- fragile  prend  une  extreme  importance  dans  le  cas 
du  molybddne,  du  fait  qus  pour  ce  mdtal  la  temperature  de  transition  se  situe  au 
voisinage  de  la  temperature  ambiante,  ou  est  superieure  4  celle-ci. 

Cette  temperature  de- transition  depend  fortement: 

de  la  teneur  en  impuretes,  particulidrement  interstit ielles; 

du  mode  de  transformation  et  de  tous  les  facteurs  (temperature  de  travail  -  degrd 
de  reduction)  ayant  joue  au  cours  de  cette  transformation;  > 

de  1’ etat  final  (restaurd  -  recristallise),  de  2a  structure,  de  la  grosseur  du 
grain; 

du  mode  de  sollicitation  (traction,  pliage,  impact)  de  la  vitesse  d’  essai,  du 
type  d'essai  (entaille  ou  non). 

La  Figure  1  donne  la  position  gdndrale  du  molybd&ne  par  rapport  aux  autres  mdtaux 
refractaires. 

Les  tableaux  ci-aprds  montrent  1’  influence  des  impuretes  interstitielles: 

-  en  ess  a  de  traction  sur  dprouvette  lisse:  (mdtal  could  transformd) 


Oxygene 

(ppm) 

T°  de 

transition 

(°C) 

Azote 

(ppm) 

T°  de 
transition 
(°C) 

Carbone 

(ppm) 

T°  de 

transition 

(°C) 

♦ 

<1 

-268 

<5 

-80 

#  <5 

-80 

<5 

-80 

10 

-60 

8 

-60 

30 

-40 

20 

+160 

14 

-40 

60 

-30 

60 

+200 

37 

+40 

80 

-10 

330 

+140 

100 

0 

200 

+40 

240 

+50 

(a)  metal  de  fusion  de  zone  par  bombardement  electronique. 


•  hmt#  Vk  i*»M*  OBf!e&<S^*i9#*&*rVas »»u*V 


-  en  essai  de  pliage:  (Mdtal  could  transform*?) 


Chcygene 

(ppm) 

T°  de 

transition 

(°C) 

Azote 

(ppm) 

T°  de 

transition 

(°C) 

Carbone 

(ppm) 

T°  de 
transition 

(°C) 

<5 

-100 

<5 

-100 

<5 

-100 

10 

+100 

25 

0 

20 

«,  "100 

15 

+200 

40 

+40 

50 

-25 

50 

+50 

100 

+20 

100 

+100 

200 

+50 

200 

+130 

300 

+60 

300 

+150 

Les  caractdristiques  moyennes  i  basse  temperature  en  traction  sont  les  suivantes: 


l  =  e'prou7ette  lisse,  e  =  e’prouvette  entaille'e. 

(a)  P  =  tSles  dpaisses  C  =  coule'  a  1’  arc 

T  =  tSles  (dp.  $  5nm)  F  =  me'tallurgie  des 

B  =  barres  forgees  poudres 


D  =  recult  de  detente 
R  =  recristalllse 
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The  Influence  of  the  final  state  is  shown  below  (tensile  test  on  bars  fabricated 
from  metal  of  the  composition:  02:  5  ppm;  N2:  10  ppm;  H2:  1  ppm;  C:  300  ppm): 


Transition  temperature 

(°F) 

Unnotched 

Notched 

specimen 

specimen 

coarse  grain 

(13  mils) 

+430 

+600 

Recrystallized 

medium  grain 

(6  mils) 

+350 

+570 

fine  grain 

(1  rail) 

+90 

+400 

As  hot -worked 

25% 

H -£'V 

70% 

■  M  HHi 

Stress-relieved 

-60 

+310 

Under  bend  test,  the  transition  temperatures  are:. 

thick  sheet  :  +70  to  +300°F  thin  sheet  +60  to  +100°F  (bend  on  1  T) . 
Under  impact  test,  the  transition  temperature  is:  +700  to  +800°P. 

figure  3  shows  the  influence  of  the  type  of  test  for  recrystallized  metal 
(source:  Climax  Molybdenum  Co.). 


Pig.  3  Recrystallized  molybdenum  -  Effect  of  type  of  test  on 
the  transition  temperature. 


L’  influence  de  l’dtat  final  est  la  suivante  (essai  de  traction  sur  barre  obtenue 
k  partir  de  metal  could  -  02  =  5  ppm  -  N2  =  10  ppm  -  H2  =  1  ppm  -  C  =  300  ppm): 


Temperature  de  transition 
(°C) 

Eprouvette 

lisse 

Eprouvette 

entaillie 

Recristallisd 

Gros  grain 
(320  l4 

Grain  moyen 

+220 

+320 

(160  p) 

Grain  fin 

+180 

+300 

(20  p.) 

+30 

+200 

Brut  de  travail  & 

25% 

+70 

+200 

chaud 

70% 

-25 

+170 

Restaurd 

-50 

+150 

En  pliage,  les  temperatures  de  transition  sont: 

tfile  dpaisse  :  +20  +150°C  tfile  mince  :  +15  +40°C  (pliage  sur  1  T). 

En  essai  par  choc,  la  temperature  de  transition  est  de:  +370  +430°C 

La  Figure  3  cl-aprds  montre  1’  influence  du  type  d’  essai  dans  le  cas  d'  un  metal 
recristallisd  (d’aprds  Climax  Molybdenum): 


Fig. 3  Molybdene  -  Influence  du  mode  d’  essai  sur  la  temperature  de 
transition.  (Metal  recristallise) 


2. 4  Hardness 


For  arc-cast  and  fabricated  metal  bars,  the  Vickers  numbers  are: 


Temperature  (°F) 

-4  00 

+70 

1500 

2000 

2800 

3200 

Annealed  state 

400 

200-280 

125 

80 

50 

20 

Recrystallized  state 

400 

180-200 

50 

30 

20 

Roughly  speaking,  the  ultimate  tensile  stress  and  the  Vickers  hardness  number  may 
be  related  by  the  formula: 


UTS  (psi)  =  HVN  x  400 


2. 5  Young’ s  Modulus 
(Mean  values) 


Temp.  (°F) 


E 

(10<psi) 


Cast,  forged,  stress-relieved 
Sintered,  forged,  stress-relieved 


-150 

+70 

2000 

2400 

3000 

48 

46 

30 

20 

8.3 

47 

27 

- 

7.2 

2.  6  Fatigue  Strength 


Rotative 

beam 

test 

Cast,  forged,  stress-relieved 

Sintered,  forged,  stress-relieved 

unnotched 

notched 

unnotched 

notched 

f  at  10e  cycles 

-100°F 

+70°F 

80  kpsi 
38  kpsi 

76  kpsi 
56  kpsi 

Alternative 

bending 

Sintered,  rolled,  stress-relieved 

unnotched 

69  kpsi 

43  kpsi 

(a)  endurance  ratio  f/UTS  =  0.81.  (b)  endurance  ratio  fAlTS  =  0.74. 


The  ratio  f/tJTS  remains  fairly  constant  up  to  1150°F. 


2. 4  Duretd 

Sur  barre  de  mdtal  could  transformd,  la  duretd  Vickers  est: 


Temperature  (°C) 


Etat  restaurd 
Etat  recristallisd 


20 

800 

200-280 

180-200 

125 

800  1.090  1.540  1.760 


On  peut  grossidrement  relier  la  charge  de  rupture  en  traction  et  la  duretd  Vickeas 
par  la  formule: 

R  (kg/mm2)  =  HV  x  0,28 

2. 5  Module  d’  Elasticity  Statique  en  Traction 
(Valeurs  moyennes) 


r  (°C) 

E  Could  -  forgd  -  restaurd 

(kg/mm2)  Frittd  -  forgd  -  restaurd 


-100 

20 

1.090 

1.320 

33.600 

32.000 

32.000 

21.000 

19.000 

14. 000 

2.6  Resistance  a  la  Fatigue 


Could  -  forgd  -  restaurd 

lisse 

Flexion 

entailld 

rotative 

Frittd  -  forgd  -  restaurd 

lisse 

entailld 

Flexion 

altemde 

Frittd  -  lamind  -  restaurd 

lisse 

/  d  108 

alternances 

(kg/mm2) 


-75°C  20°C 


a)  rapport  d’ endurance  f/R  =  0,81. 


Le  rapport  f/R  reste  assez  constant  jusqu’d  600°C. 


48  30 


(b)  rapport  d’  endurance  f/R 


'***«•* mf: 


3.7  Creep  Properties 


2. 7.1  Stress -Rupture  Data 


•  Stresses  (kpsi) 

Stated) 

2000°F 

2200°F 

2700°F 

3000°F 

3700°F 

mo°F 

44 00°F 

lh 

lOh 

lOOh 

lh 

lh 

lh 

lOh 

lh 

lh 

lh 

T-C-D 

10 

6 

3.5 

3 

1.1 

0.6 

0.4 

T-C-R 

14 

11 

9 

B-C-D 

30 

17 

13 

7 

B-C-R 

15 

11 

9 

B-F-D 

6 

4 

T-F-D 

_ 

_ 

1 

(a)  T  =  sheet  (<  0.2  in  thick) 
B  =  forged  bars 


C  =  arc -cast 
P  =  powder 
metallurgy 


D  =  stress-relieved 
R  =  recrystallized 


2.7.2  Creep  Stress 


Temperature 

(°F) 

State(&) 

Stress  (Kpsi) 

0.5%/lh 

0.5%/10h 

0. 5%/100h 

3?c/lh 

5%/10h 

2000 

B-C-D 

21 

14 

11 

B-C-R 

11 

9 

3000 

T-C-D 

6 

(a)  T  =  sheet  (<  0.2  in  thick) 
B  =  forged  bars 


C  =  arc-cast  D  =  stress-relieved 

R  =  recrystallized 


2.8  Effects  of  Impurities 

As  has  already  been  seen  in  Section  2.3,  the  impurity  most  harmful  to  ductility 
is  oxygen.  Nitrogen  has  less  ill  effect.  The  action  of  carbon  alone,  up  to  0.1%, 
on  ultimate  tensile  strength  and  elongation  is  not  very  marked,  but  the  0. 2%  yield 
strength  is  Increased  by  25%.  In  fact,  the  addition  of  carbon  as  a  deoxidiser  is  an 
essential  and  necessary  feature  of  arc-melted  molybdenum. 

Additions  of  0.2  to  0.6%  of  rare  earths  (Ce,  Le,  Gd,  or  Yb)  or  yttrium  reduce  the 
hardness  of  cast  Mo  by  20-30  points,  probably  by  the  capture  of  oxygen  or  nitrogen. 

Hydrogen  appears  to  have  no  effect. 
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2.7  Resistance  au  Fluage 
2.7.1  Rupture  Differee 


Contraintes  (kg/mm2) 

£tat(a) 

1. 090°C 

1.200 

i.m°c 

1.650°C 

2. 000°C 

2. 200° C 

2.m°c 

lh 

10k 

lOOh 

lh 

lh 

lh 

lOh 

lh 

lh 

lh 

T-C-D 

7 

4,2 

2,4 

0,8 

0,4 

0.3 

T-C-R 

10 

8 

6 

B-C-D 

21 

12 

9_, 

5 

B-C-R 

11 

8 

6 

B-F-D 

4 

3 

T-F-D 

0,7 

(a)  T  =  toles  (ep.  ^  5  mm) 
B  =  barres  forgees 


C  =  conle'  a  1’  arc 
F  =  metallurgie  des 
poudres 


D  =  recuit  de  detente 
R  =  recristallise 


2.7.2  Fluage 


Temperature 

(°C) 

Etat^ 

Contraintes  (kg/mm2 

0,5%/ lh 

0,5%/10h 

0,5%/100h 

5%/lh 

5%/10h 

1.090 

B-C-D 

15 

10 

8 

B-C-R 

8 

6 

1.650 

T-C-D 

4 

(a)  T  =  toles  (e'p.  $  5  mm)  C  =  coule  a  r  arc  D  =  recuit  de  detente 

B  =  barres  forgees  R  =  recristallise 


2.8  Influence  des  Impure t4s 

Comme  il  a  ddj&  vu  au  Section  2.3,  1’  impurete  la  plus  nocive  pour  la  ductility 
est  1’  oxygene.  L’ azote  est  moins  ndfaste.  L’ action  du  carbone  seul,  jusqu’i  0.1%, 
est  tr£s  peu  marquee  sur  la  charge  de  rupture  et  1’  allongement,  la  limite  eiastique 
k  0,2%  etant  augments  de  25%.  En  fait,  1’  addition  de  carbone  en  tant  que  de'soxydant 
est  une  caracteristique  essentielle  et  necessaire  du  molybdene  fondu  a  1’  arc. 

Des  additions  de  0, 2  &  0,6%  de  terres  rares  (Ce,  La,  Gd,  Yb)  ou  d’ yttrium, 
rdduisent  de  20  4  30  points  la  durete  du  Mo  couie,  probablement  par  effet  de  captage 
de  1’  oxygene  et  de  1’  azote . 

L’ effet  de  l’hydrog&ie  apparaft  comme  nul. 
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2.9  Cold-Working  -  Stress-Relief  -  Recrystallization 

2.9.1  Cold-Working 

$ 

Molybdenum  cannot  normally  be  hardened  by  cold-working  because  its  initial 
ductility  is  too  low.  It  is  possible,  however,  to  obtain  a  certain  amount  of 
reduction  by  cold  rolling,  by  working  on  metal  which  has  been  very  thoroughly 
hot -rolled. 

2.9.2  Stress-Relief 

The  usual  stress-relief  treatements  are: 

15  min  to  lh  at  1650  -  1850°P. 

As  the  metal  has  generally  been  worked  by  hot  rolling  below  the  recrystallization 
temperature  ("hot-cold  working”)  the  figures  for  mechanical  properties  and 
ductility  will  depend  upon  the  duration  and  temperature  of  the  stress-relief 
treatment: 

For  example,  on  cast,  extruded  and  hot  rolled  metal: 


State 

0.2% 

YS 

(kpsi) 

UTS 

El. 

(%) 

(%) 

HVN 

As  rolled 

100 

102 

32 

61 

255 

As  rolled  +  lh  at  1700°F 

- 

91 

39 

59 

- 

As  rolled  +  lh  at  1900°F 

85 

90 

41 

66 

— 

As  rolled  +  lh  at  2100°F(a) 

54 

73 

53 

64 

187 

As  rolled  +  lh  at  2200°P(a^ 

50 

73 

55 

55 

- 

(a)  partial  recrystallization 

2.9.3  Recrystallization 

The  recrystallization  temperature  is  between  2100  and  2800°F.  It  depends  on 
the  fabrication  process  and  the  degree  of  reduction  at  medium  temperatures: 


Temperature  (°F)  for  full  recrystallization  of  bars  rolled  at 


Duration 

of 

2200°F 

3000°F 

treatment 

l 

degree  of  reduction  (%) 

egree  of  reduc 

tion  fl, 

t) 

11 

16 

31 

56 

90 

10 

19 

30 

57 

90 

1  min 

3300 

2960 

2740 

2700 

2500 

3300 

3000 

2920 

3060 

3200 

10  min 

3100 

2900 

2640 

2600 

2200 

3100 

2900 

2880 

3000 

3000 

lh 

2880 

2700 

2500 

2520 

2100 

3060 

2880 

2600 

2800 

2800 

2.9  Ecrouissage  -  Restauration  -  Recristallisation 

2.9.1  Ecrouissage 

Le  molybdEne  ne  peut  Etre  en  principe  durci  par  Ecrouissage  E  froid  par  suite  de  sa 
trop  faible  ductilitE  initiale.  On  peut  cependant  obtenir  par  laminage  a  froid  un 
certain  degrE  de  rEduction  en  opErant  sur  mEtal  trEs  fortemeut  corroyE  a  chaud. 

2.9.2  Res  taurat ion 

Les  traitements  habituels  de  restauration  sont: 

0, 25h  E  lh  E  900  -  1.010°C. 

Les  mEtal  ayant  en  gEnEral  EtE  Ecroui  par  laminage  E  chaud  E  une  tempErature 
infErieure  E  la  tempErature  de  recristallisation  (“hot-cold  working”)  on  obtiendra  un 
niveau  de  caractEristiques  et  de  ductilitE  fonction  de  ia  durEe  et  de  la  tempErature 
du  traitement  thermique  de  restauration. 

Par  exemplej  pour  un  mEtal  coulE  laminE: 


Etat 

LE 
(kg  :/ 

R 

m2) 

A 

(%) 

e 

(%) 

HVN 

Brut  de  laminage 

70 

71 

32 

61 

225 

Brut  de  laminage  +  lh  E  930° 

- 

64 

39 

59 

- 

Brut  de  laminage  +  lh  a  1.040° 

60 

63 

41 

66 

- 

Brut  de  laminage  +  lh  a  1.150°^ 

38 

51 

53 

64 

187 

Brut  de  laminage  +  lh  a  1.200o(a) 

35 

51 

55 

55 

- 

(a)  recristalliae  partiellement 


2.9.3  Recristallisation 


La  tempErature  de  recristallisation  est  comprise  entre  1.150  et  1.540°C.  Elle 
dEpend  de  nombreux  facteurs,  et  en  particulier  du  schEma  de  transformation  et  du 
degrE  de  rEduction  opErEe  E  tiEde: 


Temperatures 

de 

traitement 


1  min 
10  min 
lh 


Temperature  de  recristallisation  complkte  (°C)  pour  des  barres  laminees  a 
1 . 200°C  1. 650°C 


Degre  de  reduction  (%) 


Degre  de  reduction  (%) 


11 

16 

31 

56 

90 

19 

19 

30 

57 

90 

1.820 

1.630 

1.500 

1.480 

1.370 

1.820 

1.650 

1.600 

1. 680 

1.760 

1.700 

1.590 

1.450 

1.430 

1.200 

1.700 

1.590 

1.580 

1.650 

1  650 

1.580 

1.480 

1.370 

1.380 

1.150 

1.680 

1.580 

1.430 

1.540 

1.540 
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Temperature  for  full  recrystallization  in  1  hour  for  bars  rolled  at  1800  or 
2000°F: 


Degree  of  reduction  (%) 

— 

5 

10 

20 

— 

50 

80 

Recrystallization  temperature  (°F) 

3260 

3000 

2640 

2200 

2160 

The  presence  of  a  stress  (piece  in  use)  may  considerably  lower  the  recrystallization 
temperature: 


— 

Stress  (psi) 

0 

2000 

4000 

5000 

Recrystallization 

50% 

2960 

2820 

2780 

2760 

80% 

2980 

2870 

2820 

2800 

temperature  (°F)  for 

100% 

3060 

2920 

2870 

- 

A  purer  metal  (particularly  one  with  fewer  interstitials)  has  a  lower 
recrystallization  temperature  for  example:  commercial  quality  electron  beam  melted 
molybdenum,  extruded  and  rolled,  showed  a  recrystallization  temperature  (1  hour) 
of  1500°F, 

Finally,  recrystallization  appreciably  increases  the  brittleness  of  the  metal 
and  raises  its  ductile-to-brittle  transition  temperature  (see  Section  2.3).  But  it 
will  be  noted  that  metal  recrystallized  at  high  temperature  (3700°F)  under  high  vacuum 
conditions  may  have  good  plastic  qualities  owing  to  the  evaporation  of  impurities. 


3.  CORROSION  BY  GASES,  CHEMICALS  AND 
LIQUID  METALS 

3. 1  Resistance  to  Oxidation 

Molybdenum  begins  to  oxidise  in  air  at  490°F  and  oxidation  becomes  relatively 
rapid  above  1550°F.  The  oxide  has  a  melting  point  of  1460°F,  but  already  begins  to 
sublime  at  1300°F,  thus  exposing  the  metal  to  continuous  attack. 

The  oxidation  rate  in  air  at  1825°F  is  about  1400-2000  mg/cm2  h  (see  Figure  2). 
The  rate  increases  with  air  pressure  and  falls  when  the  pressure  falls, 
particularly  when  the  partial  pressure  of  the  oxygen  falls  in  the  corrosive  gaseous 
mixture.  For  instance,  the  oxidation  rate  at  2075°F  at  an  altitude  of  170000ft  is 
100  times  slower  than  at  ground  level  under  atmospheric  pressure.  Similarly,  the 
oxidation  rate  is  lower  in  reducing  gases,  such  as  combustion  gases.  In  such  gases 
it  is  possible  to  obtain  a  life  of  roughly  100  hours  at  2600°F. 
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Temperature  de  recristallisation  complete  en  lh  pour  des  barres  laminae"  4  980 
ou  1. 090°C) : 


D°  de  reduction  (%) 

5 

10 

20 

50 

80 

T°  de  recristallisation  (°C) 

1.790 

1.650 

1.450 

1.200 

1.180 

La  presence  d’  une  contrainte  (piece  en  service)  peut  abaisser  notablement  la 
temperature  de  recristallisation: 


Contrainte  ( kg/mm 

0 

i.4 

2,8 

3,5 

Temperature  de 

50% 

1.620 

1.550 

1.530 

1.510 

80% 

1.630 

1.575 

1.550 

1.540 

recristallisation  a 

100% 

1.680 

1.600 

1.575 

- 

Un  metal  plus  pur  (particuli4rement  en  interstitiels)  a  une  temperature  de 
recristallisation  plus  basse:  un  molybd4ne  commercial  fondu  par  bombardement 
eiectronique,  file,  lamine,  a  prdsentd  une  temperature  de  recristallisation  (lh) 
de  820°C. 

| 

Enfin,  la  recristallisation  accroft  notablement  la  fragilite  du  metal  et  sa  \ 

temperature  de  transition  ductile-fragile  (voir  Section  2.3),  On  remarquera 
cependant  que  le  metal  recristallise  4  haute  temperature  (2.000°C)  et  sous  vide 
pousse,  peut  presenter  une  bonne  plasticite  du  fait  de  1’  evaporation  des  impuretes. 

| 

3,  CORROSION  PAR  LES  GAZ  -  PRODUITS  CHIMIQUES  EV  f 

METAUX  LIQUIDES  | 

* 

3. 1  Resistance  &  1’  Oxydation 

Le  molybd4ne  commence  4  s’  oxyder  dans  1’  air  d4s  250°C  et  la  reaction  d’  oxydation 
devient  relativement  rapide  au-dessus  de  850°C.  L’  oxyde  a  un  point  de  fusion  de 
795°C,  mais  commence  ddj4  4  se  sublimer  d4s  700°C,  exposant  ainsi  le  metal  4  une 
attaque  continuelle. 

La  vitesse  d’ oxydation  dans  1’ air  4  1.000°C  est  de  1’ ordre  de  1.400-2.000  mg/cm2  h 
(voir  Pig. 2).  Cette  vitesse  augmente  avec  la  vitesse  de  1’ air;  elle  diminue  lorsque 
la  pression  diminue,  et  en  particulier  lorsque  la  pression  partielle  de  1’  oxygene  dans  j 

le  mdlange  gazeux  corrosif  diminue;  par  exemple,  la  vitesse  d’ oxydation  4  1.138°C  4  } 

une  altitude  de  55.000  m  est  100  fois  plus  faible  que  celle  obtenue  au  sol  4  la  < 

pression  atmospherique.  De  m£me,  la  vitesse  d’  oxydation  esc  plus  faible  dans  des  { 

gaz  rdducteurs  tels  que  les  gaz  de  combustion.  Dans  de  tels  gaz,  on  peut  obtenir  une  j 

vie  do  1’  ordre  de  lOOh  4  1 . 430°C. 


j 
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The  very  low  solid  solubility  of  oxygen  in  Mo,  on  the  other  hand,  makes  internal 
contamination  practically  non-existant. 

In  water  vapour,  oxidation  is  observed  from  850°F  upwards. 

3.2  Resistance  to  Various  Chemicals 

Molybdenum  is  highly  resistant  to:  ammonia,  nitrogen  (up  to  2200°F),  carbon 
dioxide  (up  to  925°F),  cold  aqua  regia,  salts  of  Bi  or  Cd,  sodium  chloride  (up  to 
700°F),  cold  concentrated  hydrochloric  acid,  cold  hydrofluoric  acid,  hydrogen, 
iodine,  lead  nitrate,  phosphorus,  cold  potassium  or  sodium  hydroxide,  sulphur  (up 
to  750°F)  and  cold  dilute  sulphuric  acid. 

3.3  Resistance  to  Liquid  Metals 

Li  :  good  at  1825°F.  A  few  problems  of  mass  transfer  in  presence  of  iron,  but 
the  resistance  of  arc-melted  metal  is  said  to  be  poor. 

Na  :  very  good  at  1825-2200°F.  Mass  transfer  in  presence  of  Ni. 

K  :  under  dynamic  test,  resistance  at  1750°F  and  1825°F  is  very  good  and 
distinctly  better  than  that  of  Ta,  Nb  or  W.  At  1825°F,  loss  of  weight 
is  7  mg/cm2  per  day  (10  times  less  than  Nb).  K  (or  Na)  impurities,  and 
especially  oxygen  have  a  pronounced  deleterious  effect. 

Bi  :  very  good  at  1825°F. 

Ru  :  no  damage  at  1725°F. 

Cs  :  very  good  at  1300  and  1600°F.  Solution-type  attack  to  varying  degrees,  at 
1725  and  2500°F.  From  the  point  of  view  of  resistance  to  this  metal,  Mo  is 
the  least  interesting  of  the  four  refractory  metals.; 

Sn  :  Slight  local  corrosion  at  1170°F.  Pronounced  solution  effect  at 
525-1800°F;  severe  corrosion  at  2750°F, 


4.  FABRICATION 
4. 1  Welding 

-For  TIG  welding,  which  must  be  done  under  argon  or  helium  atmosphere  and  under 
extreme  conditions  of  cleanliness  (both  metal  and  gases),  metal  prepared  by  powder 
metallurgy  generally  produces  cracks  and  porosity;  Melted  metal  gives  sound  welds  but 
they  remain  relatively  brittle  because  the  melted  zone  is  rather  coarse-grained. 

The  addition  of  C  or  Ti  to  the  metal  acts  as  a  deoxidiser  and  grain-refiner,  and 
makes  the  welds  rather  less  brittle. 

Welding  by  forging  and  ultrasonic  welding  (which  is,  however,  of  limited  scope) 
enable  non-recrystallized  joins  to  be  obtained  and  thus  reduce  brittleness. 


La  tr4s  faible  solubility  solide  de  1’ oxygdne  dans  Mo  rend  par  contre  pratiquement 
inexistante  la  contamination  interne. 

Dans  la  vapeur  d’  eau,  on  note  une  oxydation  4  partir  de  450°C. 

3.2  Resistance  &  Diffdrents  Agents  Chimiques 

Le  molybdene  rdsiste  bien  4:  ammoniaque,  azote  (jusqu’ 4  1.200°C),  gaz  carbonique 
(jusqu’4  500°C) ,  eau  rdgale  froide,  sels  de  Bi  ou  de  Cd,  chlorure  de  sodium  (jusqu’ a 
370°C) ,  acide  chlorhydrique  concentre  froid,  acide  fluorhydrique  froid,  hydrogdne, 
iode,  nitrate  de  plomb,  phosphore,  potasse  froide,  soude  froide,  soufre  (jusqu’ 4 
440°C),  acide  sulfurique  dilue  froid. 

3. 3  Resistance  aux  Mdtaux  Fondus 

Li  :  bonne  4  1.000°C.  Quelques  probllmes  de  transfert  de  masse  en  presence  de 
fer;  on  signale  cependant  que  la  tenue  du  metal  fondu  4  1’  arc  est  mauvaise. 

Na  :  tr4s  bonne  4  1. 000-1. 200°C.  Transfert  de  masse  en  presence  de  Ni. 

K  :  en  essai  dynamique,  la  tenue  4  950  et  1.000°C  est  tr4s  bonne,  et  nettement 
supdrieure  4  celle  de  Ta,  Nb  ou  W.  A  1.000°C,  la  perte  de  poids  est 
7  mg/cm2/j  (10  fois  moins  que  Nb).  Les  impuretes  de  K  (ou  Na)  et  spdciale- 
ment  oxygdne,  ont  un  effet  ndfaste  marque. 

it' 

Bi  :  tr4s  bonne  4  1.000°C. 

Ru  :  pas  d’  attaque  4  780°C. 

Cs  :  tr4s  bonne  4  700  et  870°C.  Dissolution  plus  ou  moins  prononcde  4  980  et 
1.370°C.  Vis-a-vis  de  ce  metal,  Mo  est  le  moins  interessant  des  quatre 
mdtaux  rdfractaires. 

Sn  :  ldgdre  corrosion  locale  4  630°C.  Effet  de  solution  prononcde  4  830°C- 
1.000°C;  sdvere  corrosion  4  1.500°C. 


4.  MISE  EN  OEUVRE 
4. 1  Soudage 

Dans  le  cas  de  soudure  TIG,  qui  doit  §tre  opdrde  sous  argon  ou  helium  dans  des 
conditions  extremes  de  propretd  (aussl  bien  pour  les  gaz  que  pour  le  mdtal),  le  mdtal 
prepard  par  mdtallurgie  des  poudres  conduit  en  gdndral  4  des  criques  et  4  des 
porositds;  le  mdtal  fondu  permet  d’  obtenir  des  soudures  saines,  mais  qui  restent 
relativement  fragiles  du  fait  de  la  zone  fondue  4  grain  assez  grossier.  L’  addition 
de  C  ou  Ti  dans  le  mdtal  joue  comme  ddsoxydant  et  affinant  et  procure  quelque 
ductilitd  dans  les  soudures. 

Des  mdthodes  de  soudage  par  forgeage  ou  par  ultra-sons  (mais  de  portde  limitde) 
permettent  d’  obtenir  des  zones  de  liaison  non  recristallisdes,  done  de  rdduire  la 
fragility. 
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Electron  beam  welding  makes  it  possible  to  work  with  a  very  narrow  superheated 
area;  it  is  therefore  expected  to  produce  better  results  than  TIG  welding. 

(Brazing  -  see  Section  9.2). 


4. 2  Forming 

Preliminary  hot  extrusion  (at  2700-3600°F)  is  necessary  before  forging  in  the  case 
of  cast  ingots  but  not  with  sintered  metal. 

Forging  on  cast  and  extruded  bars  or  on  sintered  ingots  is  done  at 
2100-2600°F.  Forging  or  hot-rolling  sequences  should  be  such  as  to  give  at  least  50% 
reduction  between  reheatings.  As  the  section  is  gradually  reduced,  working 
temperatures  are  lowered  (to  1700-1500°F)  and  the  degree  of  reduction  between  re¬ 
heatings  is  raised  to  90%. 

It  is  not  recommended,  or  even  possible,  to  form  the  metal  at  room  temperature, 
except  for  very  thin  sheet  or  wire  which  has  received  a  high  degree  of  reduction.  For 
preference,  spinning,  shearing,  bending,  shaping,  and  cup-drawing  should  be  done  at 
the  following  temperatures: 


Thickness  of  dimeter  (in) 

0.04 

0.08 

0.16 

0.32 

Temperature  of  forming  (°F) 

400 

600 

1000 

1800 

As  the  thermal  conductivity  of  the  metal  is  relatively  high,  arrangements  must 
be  make  to  keep  the  metal  hot  throughout  working:  resistance  heating,  heated  dies, 
etc.  should  be  used. 


4. 3  Machining 

For  machining,  considering  the  fact  that  molybdenum  is  not  a  particularly  hard 
metal  but  that  its  cuttings  are  relatively  abrasive,  high-speed  steel  or  non-brittle 
carbide  tools  will  be  used.  The  work  is  generally  done  without  lubrication  but  it 
is  necessary  to  avoid  sharp  shocks  which  might  produce  cracks  in  the  metal. 

Owing  to  the  <low  coefficient  of  expansion  of  the  metal  as  compared  with  the  tools, 
all  overheating  should  be  avoided  in  operations  such  as  drilling. 


Le  soudage  par  bombardement  dlectronique  procurs  la  possibility  d’  obtenir  une  zone 
surchauffde  de  largeur  trAs  limitde;  on  peut  done  on  attendre  une  meilleure 
efficacity  que  le  soudage  TIG. 

(Brasage  -  voir  Section  9.2). 

4.2  Mise  en  Forme 

Un  filage  prdalable  (A  1. 500-2. 000°C)  est  ndeessaire  avant  forgeage  dans  le  cas  des 
lingots  couiys. 

Le  forgeage  sur  barres  couldes  fiiyes  ou  sur  lingots  frittys  est  opyry  a 
1. 150-1. 400°C.  Les  syquences  de  forgeaee  ou  de  laminage  A  chaud  doivent  Ctre  telles 
que  1’  on  obtienne  au  moins  50%  de  rdduction  entre  rychauffages.  Au  fur  et  A  mesure 
que  la  section  est  ryduite,  les  tempyratures  de  travail  sont  rdduites  (jusqu’A  930- 
820°C)  et  le  degry  de  ryduction  entre  rdchauffages  augmentd  jusqu’  A  90%. 

II  n'  est  pas  recommandy  ou  possible  de  ddformer  le  mdtal  A  tempdrature  ambiante, 
sauf  pour  le  cas  de  tdles  ou  fils  trAs  minces  fortement  corroyds.  De  prdfdrence,  les 
opdrations  de  repoussage,  cisaillage,  pliage,  formage,  emboutissage,  doivent  £tre 
effectudes  aux  tempdratures  ci-dessous: 


Epaisseur  ou  diametre  (mm) 

i 

2 

4 

8 

Tempdrature  de  mise  en  oeuvre  (°C) 

200 

320 

540 

1.000 

La  conductibilitd  thermique  du  mdtal  dtant  relativement  dlevde,  il  faut  prdvoir 
les  moyens  ndeessaires  pour  maintenir  le  mdtal  chaud  durant  toute  1’  opdratlon,  moyens 
tels  que  rdchauffage  par  rdsistance,  matrices  chauffdes,  etc. 

V-N 

4. 3  Usinage 

Pour  1’ usinage,  considdrant  que  le  molybdf.ne  n’ est  pas  un  mdtal  spdcialement  dur, 
mais  que  les  copeaux  sont  relativement  abrasifs,  on  utilisera  des  outils  en  acier 
rapide  ou  en  carbures  non  fragiles.  On  opAre  en  gdndral  sans  lubrifiant,  mais  il  faut 
dviter  tout  effort  trop  brutal  amenant  des  criques  dans  le  mdtal. 

Du  fait  du  faible  coefficient  de  dilatation  du  mdtal  par  rapport  A  celui  des 
outils,  il  y  a  lieu  d’  dviter  toute  surchauffe  dans  des  opdrations  telles  que  le  perqage. 


5.  MOLYBDENUM  ALLOYS 


5. 1  General 

As  with  niobium,  research  on  the  subject  of  molybdenum-base  alloys  has  been  more 
specifically  directed  towards: 

5.1.1  Improvement  of  Resistance  to  Oxidation 

Although  no  solution  worthy  of  interest  has  been  offered  to  date,  see  Section  8.1. 

5.1.2  Improvement  of  Recrystallization  Temperature 

The  recrystallization  temperature  of  molybdenum  is  relatively  low.  The  following 
metals  have  been  placed  in  decreasing  order  of  effectiveness  for  raising  the 
recrystallization  temperature: 

Zr  -  Hf  -  Ti  -  Nb  -  Al. 

V  -  W  have  little  appreciable  effect, 

Co  -  Cr  -  Ni  lower  the  recrystallization  temperature. 

5.1.3  Improvement  of  Mechanical  Properties  at  High  Temperature 

Attempts  have  been  made  to  improve  the  mechanical  properties  of  molybdenum  at  high 
temperatures  without  impairing  fabricability.  Apart  from  the  fact  that  all  Mo  alloys 
are  generally  used  in  the  stress-relieved  state  (and  thus  hardened  by  the  residual 
effect  of  cold-working),  two  lines  are  traditionally  followed: 

5 .1.3.1  Dispersion  Strenthening.  After  the  manner  of  the  old  alloy  Mo-0.5  Ti,  by 
combining  the  action  of  additives  such  as  Ti,  Zr,  Nb,  Hf,  Y  and  Th  on  the  one  hand  and 
02,  N2,  C  and  B  on  the  other.  This  technique  is  extremely  effective  but  unfortunately 
the  ductile-to-brittle  transition  temperature  is  unchanged,  or  is  even  raised. 

The  elements  which  have  been  shown  to  be  most  effective  are  Ti  and  Zr,  combined  with 
C,  N2  and  B  to  form  the  corresponding  carbides,  nitrides  and  borides. 

It  seems  that  this  dispersion  strengthening  effect  can  be  controlled  and  directed 
by  solid  solution  and  ageing  heat  treatments:  this  is  obviously  the  subject  of 
intensive  investigation.  For  example,  an  alloy  Mo-1.25,  Ti-0.25,  Zr-0. 15C  (TZC) 
gives  the  following  variations,  which  are  due  to  pre -precipitation  of  carbides 
(principally  Mo2C  and  especially  TiC)  under  tension: 


*  Nitride  of  Ti  is  stable  up  to  at  least  2700°P.  But,  in  practice,  the  addition  of  N2  is  more 
difficult  than  the  addition  of  C. 


5.  ALLIA6ES  DE  MOLYBDENE 


5. 1  Gdndralitds 

Comme  dans  le  cas  du  niobium,  les  recherches  d’ alliages  k  base  de  molybd&ne  ont 
plus  spdcialement  dtd  orientdes  vers: 

5.1.1  Amelioration  de  la  resistance  a  I'oxydation,  sans  qu’une  solution  dlgne 
d' intdr§t  ait  6t4  prdsentde  jusqu’A  ce  jour  (voir  cependant  Section  8.1); 


5.1.2  Amelioration  de  la  temperature  de  recristallisation  (relativement  basse 
pour  le  Mo).  Par  ordre  d’ efficacitd  ddcroissante  pour  augmenter  la  temperature  de 
recristallisation,  on  note: 

Zr-Hf-Ti-Nb-Al 

V  -  W  ont  une  action  peu  sensible 

Co  -  Cr  -  Ni  abaissent  la  temperature  de  recristallisation. 

5.1.3  Amelioration  des  caracteristiques  mecaniques  a  chaud,  sans  trop  nuire  k  la 
fabricabilite.  Inddpendamment  du  fait  que  tous  les  alliages  de  Mo  sont  en  principe 
utilises  dans  l’dtat  restaurd  (done  durcis  par  effet  rdmanent  d’  dcrouissage),  deux  voies 
ont  etd  classiquement  sui7ies: 

5. 1.3.1  Le  durcissement  par  phase  dispersee,  1’ image  du  vieil  alliage  Mo-0,5  Ti, 
en  combinant  1’ action  d’  additions  telles  que  Ti,  Zr,  Nb,  Hf,  Y,  Th,  d’une  part,  0,  N, 

C,  B,  d’  autre  part.  Cette  technique  est  extrdmement  efficace,  mais  malheureusement 
la  tempdrature  de  transition  ductile -fragile  n’  est  pas  changde,  sinon  augmentde. 


Les  dldments  qui  sont  apparus  les  plus  efficaces  sont  Ti,  Zr,  d’une  part,  C,  N2 
et  B  d’  autre  part,  formant  les  carbures,  nitrures  ou  borures  correspondents. 

Cet  effet  de  durcissement  par  dispersion  semble  pouvoir  dtre  maitrisd  et  dirigd 
par  des  traitements  thermiques  de  mise  en  solution  et  revenu,  phenomdne  qui  fait 
dvidemment  l’objet  d’ investigations  intenses.  Par  exemple,  pour  un  alliage 
Mo-1, 25Ti-0, 25Zr-0, 15C  (TZC),  on  obtient  les  variations  suivantes,  dues  &  des  prd- 
prdcipitations  sous  tension  de  carbures  (principalement  Mo2C,  et  surtout  TiC): 


*  Le  nitrure  de  Ti  est  stable  jusqu’ a  au  moins  1.500°c.  Mais,  en  pratique,  1’ addition  de  N2 
est  plus  difficile  que  celle  de  C. 


rSL  ,  /  i  - 
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Heat 

Treatment 

Subsequent 

final 

swaging 

£ 

(k 

at 

70°F 

ns 

P  si) 
at 

2 200°F 

Stress  for 
rupture  in 
100k  at 
2200° F 
(kpsi) 

Comments 

lh/3000°F 

yes 

120 

54 

32 

Normal  state  as  produced 

5h/3500°F 

yes 

- 

- 

38 

R.T.  Ductility  reduced 

5h/3700°F 

yes 

120 

78 

50 

at  R.T.  Recrystallization 

5h/3700°F 

temperature  is  increased 

+  16h/2700°F 

yes 

1  Zo 

ib 

from  3200  to  3400^. 

lh/3300°F 

no 

91 

54 

- 

normal  recrystallized  state 

5h/3500°F 

no 

- 

- 

45 

5h/3700°F 

no 

62 

63 

55 

5h/3700°F 

+  18h/2700°F 

•  no 

83 

52 

33 

“True”  hot -working  (i.e.  above  recrystallization  temperature)  of  alloys  such  as 
TZC  or  TZM  (Mo-0. 5Ti-0.08Zr-0.04C)  also  produces  a  noteworthy  improvement  of  high- 
temperature  properties  by  the  effect  of  initial  soaking.  It  will  therefore  be 
immediately  seen  that  the  fabrication  history  of  the  metal  (particularly  the  working 
temperatures)  will  have  a  considerable  effect  on  the  properties  of  the  final  product. 

The  alloy  Mo-0. 5Ti+C  (MTC)  appears  relatively  insensitive  to  heat  treatments. 

Taking  the  alloy  Mo-X-C  (where  X  is  Ti.  Zr  or  Hf).  in  order  to  obtain  the 
theoretically  best  reaction,  the  ratio  of  the  X  and  C  contents  must  be  that  best 
suited  to  the  formation  of  the  carbide  XC,  otherwise  it  will  produce  the  carbide 
Mo2C,  the  particles  of  which  are  coarser  and  more  soluble,  and  hence  less  effective. 
In  practice,  it  is  taken  that  the  X/C  ratio  should  be  about  1.7  to  2.5  times  its 
theoretical  value.  Moreover,  the  carbon  content  cannot  be  increased  without 
excessive  brittleness  and  0.2%  carbon  is  considered  to  be  the  maximum.  ' 

Artificial  insoluble  dispersion  strengthening  (addition  of  Ti32<  Zr02  or  ZrC 
by  powder  metallurgy  techniques)  is  the  subject  of  numerous  research  projects,  but 
has  not  so  far  given  any  conclusive  results. 

5.1.3. 2  Solid  solution  strengthening.  This  approach  has  been  taken  up  more 
recently. 

Elements  such  as  W,  Ta,  Nb,  V,  Ti  and  Cr  form  almost  total  solid  solutions  with 
Mo.  The  solubility  of  Pe,  A1  and,  especially,  Ni,  Si  and  Co  is  more ' limited. 
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Traitement 

Swaging 

ultirieur 

Charge 

ture 

\ 

de  rup- 

(kg  /mm*) 

1 

Contrainte 
de  rupture 
en  100k 

Remarques 

final 

CL 

20°C 

m 

a  1 . 200°C 
(kg/ mm2) 

lh/1. 650°C 

oui 

84 

38 

22,4 

Etat  normal  de  product. 

5h/l.  925°C 

oui 

- 

- 

26.5 

Diminution  de  la  due- 

5h/2. 060°C 

oui 

84 

55 

35 

tilitt*  4  20°.  La  t°  de 

5h/2. 060°C 
+  16h/l.  500°C 

oui 

86 

53 

33,6 

recristallisation  passe 
de  1.760  4  1.870°C. 

lh/1.790°C 

non 

64 

38 

- 

etat  normal  recristal. 

5h/l.  925°C 

non 

- 

- 

31,5 

5h/2. 060°C 

non 

43 

44 

38,5 

5h/2. 060°C 
+  16h/l. 500°C 

non 

58 

36 

23 

-Le  travail  a  chaud  "veritable”  (4savoir  au-dessus  de  la  temperature  de 
recristallisation)  des  alliages  tels  que  TZC  ou  TZM  (Mo-0, 5T1-0, 08Zr-0, 04C)  provoque 
dgalement  une  amelioration  notable  des  caracteristiques  4  chaud,  par  effet  de  mise 
en  solution  initiale.  On  peut  done  immediatement  noter  que  1’ historique  de  la 
fabrication  (et  en  particulier  les  temperatures  de  travail)  auront  une  repercussion 
considerable  sur  les  caracteristiques  du  produit  final. 

L’  alliage  Mo-0, 5TitC  (MTC)  apparaft  relativement  insensible  aux  traitements 
thermiques. 

Si  l’on  consid4re  1’ alliage  Mo-X-C  (X  etant  Ti,  Zr,  Hf),  pour  obtenir  thdoriquement 
la  meilleure  reaction,  il  faut  que  le  rapport  des  teneurs  X/C  corresponde  au  mieux 
4  la  formation  du  carbure  XC,  sinon  on  obtiendra  le  carbure  Mo2C,  dont  les  particules 
sont  plus  grossi4res  et  plus  solubles,  done  moins  efficaces.  En  pratique,  on  admet 
que  le  rapport  X/C  doit  Stre  de  1’ ordre  de  1,7  4  2, 5  fois  sa  valeur  theorique. 

O’ autre  part,  on  ne  peut  accroltre  trop  fortement  la  teneur  en  carbone,  sans  obtenir 
une  excessive  fragilite  et  on  consid4re  que  0,  2%  de  C  est  un  maximum. 

Quant  au  durcissement  par  phase  dispersde  insoluble  artificielle  (addition  de 
Ti02,  Zr02,  ZrC,  par  des  techniques  de  mdtallurgie  des  poudres),  il  fait  l’objet  de 
nombreuses  recherches,  mais  n’ a  pas  donnd  jusqu’ici  de  rdsultats  tr4s  probants. 

5. 1.3.2  Le  durcissement  par  solution  solide.  Cette  solution  a  iti  envisag^e 
plus  rdeemment. 


Les  ^l&nents  tels  que  ff,  Ta,  Nb,  V,  Ti,  Cr,  forment  des  solutions  solides  quasi 
totales  avec  Mo.  La  solubilitd  de  Fe,  Al,  et  surtout  Ni,  Si,  Co,  est  plus  limit^e. 
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Prom  the  point  of  view  of  increasing  ultimate  tensile  strength  at  high 
temperatures,  it  may  be  noted  that: 

Co  -  Zr  -  Hf  -  Ti  are  extremely  effective, 

Nb  -  A1  are  active, 

V  has  some  slight  action, 

W  has  very  little  action. 

Yet  all  the  elements  mentioned,  except  Ti  ,  Nb  and  W,  seem  to  increase  the 
brittleness  of  the  metal  considerably  without  changing  its  recrystallization 
temperature  very  much.  But  the  study  of  the  various  elements  involved  in  the  solid 
solution  effect  is  not  yet  very  complete. 

That  is  why,  so  far,  only  solid  solution  hardening  by  W  has  been  considered  in 
practice  (Ti  and  Nb  are  used  in  dispersion  hardening). 

Rhenium  is  worthy  of  special  mention.  It  is  very  largely  soluble  in  Mo  (46%  at 
2200°F  -  59%  at  the  eutectic  temperature  of  4550°P).  The  major  effects  of  the 
addition  of  Re  are:  considerable  increase  in  hardness  and  mechanical  properties  at 
high  temperatures  -  improvement  in  fabricability  and  ductile-to-brittle  transition 
temperature  -  does  not  become  brittle  after  recrystallization. 

Effect  of  Re  on  ductile-to-brittle  transition  temperature  in  bending  test  on 
recrystallized  metal: 


Re  (7c) 

0 

20 

30 

40 

4  6 

50 

Transition  temperature  (°P) 

+140 

+30 

-40 

-110 

-200 

-290 

<-420 

Many  investigations  have  been  conducted  to  try  to  explain  this  unexpected  effect. 
The  improvement  of  ductility  at  low  temperatures  is  accompanied  by  considerable 
twin-crystal  formation  and  elimination  of  the  yield  point.  It  is  also  thought  that 
rhenium  reduces  the  solubility  of  the  interstitials  and  of  oxygen  in  particular, 
which  reduces  the  pinning  of  dislocations.  Rhenium  also  seems  to  reduce  the 
"wettability”  of  the  grain  boundaries  by  oxide  phases. 

But  the  scarcity  and  very  high  price  of  rhenium  have  prevented  its  use  for 
constructional  alloys.  That  is  why  a  great  deal  of  research  is  being  done  to  find 
metals  or  groups  of  metals  which  would  produce  an  equivalent  effect. 


Du  point  de  vue  de  1' augmentation  de  la  charge  de  rupture  en  traction  &  chaud,  on 
peut  noter  que: 

Co  -  Zr  -  Hf  -  Ti,  sont  extrdmement  efficaces 
Nb  -  A1  sont  actifs 
V  a  une  action  assez  faible 
W  a  trds  peu  d’  action. 

Cependant,  tous  les  dldments  citds,  sauf.  Ti,  Nb  et  W,  semblent  accroftre  con- 
siddrablement  la  fragility  du  mdtal  et  changent  peu  sa  temperature  de  recristallisation. 
L’  dtude  de  1’  influence  des  differents  elements  entrant  en  solution  solide  n’  est 
cependant  pas  encore  trds  complete. 

C’est  pourquoi,  jusqu’A  present,  seul  le  durcissement  par  solution  solide  par  W  a 
ete  considdrd  pratiquement  {Ti  -  Nb  jouant  par  ailleurs  un  rfile  de  durcissement  par 
dispersion) . 

Le  rhSniwn  doit  faire  l’objet  d’une  mention  particulidre.  II  entre  largement  en 
solution  dans  Mo  (46%  k  1.200°C  -  59%  k  la  temperature  eutectique  de  2.  505°C).  Les 
effets  majeurs  de  1’ addition  de  Re  sont:  accroissement  notable  de  la  duretd  et  des 
caractdristiques  mdcaniques  A  chaud  -  amelioration  de  la  fabricabilitd  et  de  la 
tempdrature  de  transition  ductile-fragile  -  pas  de  fragilisation  aprds 
recristallisation:. 

Effet  de  Re  sur  la  tempdrature  de  transition  ductile-fragile  en  pliage  sur  mdtal 
recristallisd: 


Re  (%) 

0 

10 

20 

30 

4  0 

4  6 

50 

T°  de  transition  (°C) 

+60 

0 

-40 

© 

00 

i 

-130 

-180 

<-250 

Cet  effet  inattendu  a  fait  l’objet  de  nombreuses  investigations  en  vue  de 
1’  expliquer.  L’  amelioration  de  la  ductilitd  k  basse  tempdrature  est  accompagnde 
d’ un  effet  de  mficlage  trds  important,  avec  elimination  du  pic  de  limite  dlastique 
(yield  point).  On  pense  en  outre  que  le  rhdnium  rdduit  la  solubilitd  des 
interstitiels,  et  particulidrement  de  1’  oxygdne,  d’  oil  un  moindre  effet  de  blocage 
des  dislocations.  II  semble  dgalement  que  le  rhdnium  rdduit  la  mouillabilitd  des 
joints  de  grains  par  les  phases  oxydes. 

Mais  la  raretd  et  le  prix  trds  dlevd  de  ce  mdtal  ne  permettent  pas  jusqu’a  prdsent 
d’envisager  son  utilisation  pour  des  alliages  de  construction.  C’est  pourquoi  de 
nombreuses  recherches  sont  effectudes  pour  trouver  des  mdtaux  ou  des  groupements  de 
mdtaux  ayant  un  effet  dquivalent. 


138 


5.1.4  Improvement  of  welding  properties .  More  specifically  the  properties  of  the 
welds  have  been  studied  in  order: 

To  reduce  tendency  to  cracking,  deoxidising  elements  added  to  improve  the 
fabricability  of  the  metal  have  been  found  effective;  these  include  C,  Ti  and 
Zr  (as  for  the  improvement  of  mechanical  properties  at  high  temperatures). 

The  addition  of  A1  also  appears  interesting  but  it  must  be  limited  to  0. 2-0.3% 
owing  to  the  formation  of  a  eutectic  with  a  low  melting  point.  The  addition 
of  B  has  given  irregular  results  (boron  carbide  is  probably  formed). 

To  reduce  porosity  (due  to  liberation  of  the  oxide)  it  is  also  essential  to 
add  deoxidisers  to  form  non-volatile  oxides  or  nitrides,  such  as  Ti  or  Zr. 

C  and  A1  are  not  favourable  from  this  point  of  view  unless  they  have  fully 
completed  their  action  in  the  previous  phase  of  consolidation. 

To  reduce  grain  size  in  the  weld,  the  most  effective  elements  are  Ti  (>  0.5%), 

Zr,  Nb,  A1  (>  1%).  But  Nb  forms  a  low-melting-point  oxide  and  leads  to 
cracking.  Aluminium  must  be  limited  to  0.2-0. 3%  for  the  reasons  given  above  and 
is  less  effective  at  such  low  contents. 

The  favourable  additives  are  therefore  Ti  (>  0.5%),  Zr  (0.5%),  C,  A1  (0.2%), 
which  are  practically  the  same  as  those  recommended  for  improving  mechanical  properties 
at  high  temperatures. 


6.  PHYSICAL  PROPERTIES  OF  SOME  ALLOYS 

The  majority  of  molybdenum  alloys  are  prepared  by  vacuum  arc  melting.  Efforts 
are  being  made  by  some  organisations  (Sylvania)  to  produce  certain  alloys  (MTC,  TZM, 
MoW)  by  powder  metallurgy.  For  equivalent  final  composition  and  structure,  the 
mechanical  properties  of  cast  and  sintered  alloys  are  very  similar. 


6.1  Composition  of  Principal  Alloys 

The  following  table  gives  the  composition  of  the  principal  molybdenum  alloys: 


Principal  producer 

Designation 

Ti 

Zr 

C 

If 

Ta 

Nb 

Others 

Climax 

Fansteel 

Universal  Cyclop 

MTC 

0.5 

0.03 

Sylvania ^ 
Climax 

Universal  Cyclop 
Sylvania^ 

TZM 

0.5 

0.08 

0.04 

Fansteel 

Fan  42 

0.5 

0.08 

0.04 

(a)  Produced  by  powder  metallurgy 


(Continued) 
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5.1.4  Amelioration  de  la  soudabilite.  De  faqon  plus  precise  des  elements 
d’ addition  ont  At 4  utilises: 

Pour  amdliorer  la  criquabilite,  on  a  note  1’  efficacite  des  elements  ddsoxydants 
ajoutds  pour  amdliorer  la  fabricabilitd  du  metal,  tels  que  C,  Ti,  Zr  (ce  qui 
rejoint  dgalement  1’ amelioration  des  caracteristiques  mecaniques  d  chaud). 

L*  addition  d’  A1  apparaft  dgalement  intdressante,  mais  doit  £tre  limltde  d  0, 2- 
0, 3%  du  fait  de  la  formation  d’  un  eutectique  d  bas  point  de  fusion.  L’  addition 
de  B  a  donne  des  r&ultats  irrdguliers  (il  y  a  probablement  formation  de  carbure 
de  bore); 

Pour  rdduire  les  porosites  (dues  au  ddgagement  de  1* oxyde)  il  est  dgalement 
essentiel  d’  aj outer  les  ddsoxydants  formant  des  oxydes  ou  nitrures  non  volatils, 
tels  que  Ti  ou  Zr.  C  et  Al  ne  sont  pas  favorables  de  ce  point  de  vue  s’  ils 
n-'  ont  pas  accompli  totalement  leur  rdle  dans  la  phase  anterieure  de 
consolidation. 

Pour  rdduire  la  taille  du  grain  dans  la  soudure,  les  elements  efficaces  sont 
Ti  (2  0,  5%)  Zr,  Nb,  Al  (>  1%) .  Mais  Nb  forme  un  oxyde  d  bas  point  de  fusion, 
d’ od  criquabilite.  Quant  d  1’ aluminium,  il  doit  fitre  limite  d  0,2-0, 3%  pour  les 
raisons  indiqudes  plus  haut,  et  il  est  moins  efficace  d  de  telles  teneurs. 

Les  elements  d’ addition  favorables  restent  done  Ti  (2  0,5%),  Zr  (0,5%)  C,  Al  (0,2%), 
ce  qui  re joint  pratiquement  ceux  definis  pour  ameiiorer  lee  caracteristiques  mecaniques 
d  haute  temperature. 


6.  PROPRIETES  PHYSIQUES  DES  PRINCIPAUX  ALLIAGES 

La  majorite  des  alliages  de  molybddne  est  eiaborde  par  fusion  d  1’  arc  sous  vide. 
Cependant,  des  efforts  sont  faits  par  quelques  organisations  (Sylvania)  pour  realiser 
certains  alliages  (MTC,  TZM,  MoW)  par  rndtallurgie  des  poudres.  A  composition  et 
structure  finales  dquivalentes,  les  caracteristiques  mecaniques  des  alliages  couies 
ou  frittes  sont  trds  voisines. 

6.1  Composition  des  Principaux  Alliages 

Le  tableau  ci-aprds  donne  la  composition  des  principaux  alliages  de  molybddne: 


Producteur  principal 


Designation 


Ti 


Zr 


C  |  W 


Ta 


Nb 


Autres 


Climax 
Fansteel 
Universal  Cyclop 
Sylvania^ 
Climax 

Universal  Cyclop 

Sylvania 

Fansteel 


MTC 


TZM 


Fan  42 


0,5 

0,5 

0,5 


(a)  Production  par  metallurgie  des  poudres 


0, 08 
0,08 


0,03 

0,  04 
0, 04 


(Voir  page  suivante) 
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Principal  producer 

Designation 

Ti 

Zr 

C 

Vi 

■ 

Ta 

Nb 

Others 

Climax 

Mod.  T2M 

0.5 

0.2 

0.  07 

1.6 

Climax 

General  Electric 

TZC 

1.2 

0.  25 

0. 15 

Climax 

Mod.  TZC 

1.3 

0.3 

0.3 

Climax 

- 

0.  05 

0.  03 

Climax 

- 

0.5 

0.05 

Climax 

- 

0.  05 

1.5 

Climax 

WZM 

0.1 

0.  05 

25 

Climax  1 

Sylvania^  ] 

0.03 

30 

Climax  | 

Sylvania^J 

0.01 

50 

General  Electric 

MTZ 

1.2 

0.  07 

(a)  Produced  by  powder  metallurgy. 


6. 2  Physical  Properties 


Alloy 

Density 
(lb/ in*) 

Melting 

point 

(°F) 

Thermal 
conductivity 
at  R.T. 
(Btu  ft/h 
ft2  °F) 

Coeff.  of 
thermal 
expans  ion 
at  R.T. 

(microin/in  °F) 

Specific 
heat  at 
R.T 

(Stu/lb  °F) 

Electrical 
resistivity 
at  R.T 
(microhm-cm) 

Cast  MTC 

0.367 

4730 

68.  2(b) 

3.06(tt) 

0.066 

5.1 

Cast  T ZM 

0.367 

4730 

TZC 

0.363 

52 

2.90 

0.05  Zr 

4730 

0.5  Zr 

0.368 

4730 

1.5  Nb 

0.368 

litr'Milli 

0.418 

5055 

30W 

0.43 

5160 

8 

5GW 

_ 

0.483 

5450 

(a)  3.4  at  (mean)  from  R.T.  to  1830°P.  (b)  58  at  1830°F. 


Superconductivity: 

Mo  +  25  Re  :  9.8°K  in  zero  field  strength  -  0°K  for  H  =  16  kgauss 
Mo  +  50  Re  :  9.3°K  in  zero  field  strength  -  4.2°K  for  H  =  30  kgauss 
Mo  +  60  Tc  :  15°K  in  zero  field  strength  -  1.3°K  for  H  =  40  kgauss 
compound  MoN  :  12°K  in  zero  field  strength, 
compound  Mo3Re  :  10. 5°K  in  zero  field  strength, 
compound  MoC  :  7.9°K  in  zero  field  strength. 
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Producteur  principal 

Designation 

Ti 

Zr 

C 

w 

Ta 

Nb 

Autres 

Climax 

TZM  mod. 

0,5 

0,2 

0,  07 

1,6 

Climax 

General  Electric 

TZC 

1.2 

0,25 

0,15 

Climax 

TZC  mod. 

1,3 

0,3 

0,3 

Climax 

- 

0,  05 

0,03 

Climax 

- 

0,5 

0,  05 

Climax 

- 

0,  05 

- 

1,5 

Climax  . 

mu 

0,1 

0,05 

25 

Climax  ] 

Sylvania^  j 

- 

0,03 

30 

Climax  1 

Sylvania^f 

- 

0,  01 

50 

General  Electric 

MTZ 

1,2 

0,07 

(a)  Production  par  mdtallurgie  des  poudres. 


6.2  Propriety  Physiques  de  Quelques  Alliages 


Alliage 

Densiti 
(g /cm3) 

T°  de 
fusion 
(°C) 

Conduct ibiliti 
thermique 
a  2  0°C 

(cal/s  °C  cm) 

Coefficient  de 
dilatation  a 

2 0°  (x  106/°C) 

Chaleur 

spicifique 

h  20°C 
(cal/ g  °C) 

Risistivite 
electrique 
a  2 0°C 
(microhm-cm) 

MTC  could 

10,2 

2.610 

0, 35(b) 

5,5(a)  . 

0,  066 

5.1 

TZM  could 

10,2 

2.610 

0,06 

TZC 

10,1 

0,  215 

5,2 

0,05  Zr 

2.610 

0,5  Zr 

10,2 

2.610 

1,5  Nb 

10,2 

WZM 

11,3 

2.780 

30W 

11,5 

2.835 

8 

50* 

12,9 

3.000 

(a)  6,10  de  20  a  1.000°C.  -,b)  0,24  a  1.000°C. 

Supraconductivitd : 

Mo  +  25  Re  :  9, 8°K  dans  un  champ  nul,  0°K  pour  H  =  16  kgauss 

Mo  +  50  Re  :  9, 3°K  dans  un  champ  nul,  4,2°K  pour  H  =  30  kgauss 

Mo  +  60  Tc  :  15°K  dans  un  champ  nul,  1,3°K  pour  H  -  40  kgauss 

composd  MoN:  12°K  dans  un  champ  nul, 

composd  MogRe  :  10, 5°K  dans  un  champ  nul, 
composd  MoC  :  7, 9°K  dans  un  champ  nul. 
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7.  MECHANICAL  PROPERTIES  OF  SOME  ALLOYS 

7.1  Tensile  Properties  at  High  Temperatures 
(Mean  values) 


Alloy 

Stated 

70°  F 

2000°F 

mo°F 

%00°F 

2600°F 

0.2% 

YS 

(kf 

UTS 

>si) 

EL. 

(%) 

0.2% 

YS 

(kps 

I 

UTS 

i) 

El. 

(%) 

(b) 

0.2% 

YS 

(kps 

UTS 

i) 

El. 

(%) 

(b) 

0.2% 

YS 

(kps 

UTS 

i) 

El. 

(%) 

(b) 

MTC 

P-C-D  g 

m 

106 

6 

1 

P 

Hi 

110 

8 

1 

T-C-D  g 

120 

130 

10 

m 

P 

116 

125 

8-20 

80 

5 

20 

T-F-D 

140 

150 

7 

62 

78 

EH 

38 

56 

10 

28 

m 

B-C-D  g 

80 

90 

12 

P 

107 

115 

25 

53 

60 

17 

18 

60 

T-C-R  p 

72 

78 

35 

14 

30 

17 

30 

10 

13 

14 

T-F-R 

68 

80 

32 

14 

20 

50 

B-C-R  p 

68 

78 

34 

13 

25 

26 

10 

13 

22 

T-C-D  g 

fH 

10 

■ 

■H 

P 

120 

20 

63 

70 

15 

41 

50 

8 

40 

13 

Q 

14* 

60* 

T-F-D  p 

113 

128 

12 

50 

57 

10 

• 

B 

B-C-D  g 

90 

107 

20 

63 

17 

41 

50 

30 

P 

120 

128 

27 

21 

62 

25 

52 

II 

T-C-R 

68 

72 

35 

10 

21 

30 

■ 

m 

B-C-R  p 

77 

80 

32 

35 

45 

30 

55 

21 

70 

TZC 

104 

112 

20 

50 

57 

10 

40 

50 

11 

■ 

40 

15 

■ 

25 

25 

TZC* 

B-C-D 

m 

23 

1 

100 

12 

1 

76 

12 

El 

62 

26 

■ 

■ 

■ 

(mod) 

B-C-R 

s 

I 

8 

E9 

55 

36 

■ 

1 

0.05 

T-C-D 

114 

126 

13 

35 

46 

20 

30 

38 

25 

17 

23 

28 

■ 

■ 

■ 

Zr 

B-C-D 

110 

126 

30 

54 

70 

14 

20 

25 

25 

I 

■ 

(+  C) 

T-C-R 

63 

78 

36 

17 

30 

50 

14 

23 

55 

10 

17 

60 

1 

H 

■ 

B-C-R 

60 

76 

23 

13 

20 

60 

■ 

■ 

I 

0.5 

T-C-D 

93 

114 

20 

0 

8 

43 

50 

10 

n 

34 

28 

S 

■ 

■ 

Zr 

B-C-D 

90 

114 

25 

1 

19 

35 

22 

S 

■ 

(+  C) 

T-C-R 

83 

I 

E  : 

30 

21 

I  : 

■ 

B-C-R 

63 

84 

48 

■ 

ii 

23 

80 

B 

■ 

■ 

MSC 

@1 

■ 

26 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

B 

■ 

■ 

5 

■ 

1 

3 

i 


for  references  (page  145). 
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State ^ 

70°F 

2000°F 

2200°F 

mo°F 

2600°F 

Alloy 

0.2% 

YS 

urs 

El. 

(Of.\ 

0.2% 

YS 

ms 

El. 

(%) 

0.2% 

YS 

ms 

El. 

(%) 

0.2% 

YS 

ms 

El. 

(%) 

0.2% 

YS 

ms 

El. 

(%) 

(kp. 

ii) 

l/o) 

(kpsi) 

(b) 

(kps 

i) 

(b) 

(kps 

i) 

(b) 

(kps 

i) 

(b) 

1.5  Nb 

T-C-D 

120 

140 

7 

46 

72 

8 

B-C-D 

107 

127 

4 

14 

23 

75 

T-C-R 

80 

93 

30 

42 

25 

21 

64 

B-C-R 

54 

87 

34 

11 

21 

30 

WZM 

T-C-D 

128 

145 

8 

B-C-D 

130 

145 

30 

72 

22 

T-CJR 

80 

100 

40 

B-C-R 

90 

95 

27 

17 

25 

50 

30W 

B-C-D  g 

76 

91 

10 

P 

107 

122 

22 

57 

25 

B-C-R 

70 

83 

12 

28 

80 

50W 

B-C-D 

133 

145 

14 

46 

80 

26 

20 

50 

37 

B-C-R 

- 

96 

- 

15 

40 

55 

14 

25 

75 

_ 

g  =  low  amount  of  “cold  work”,  p  =  high  amount  of  "cold  work” 

(a)  P  =  plate  ..  C  =  arc-cast 

T  =  sheet  (<  0. 2  in  thick)  P  =  powder  metallurgy 

(b)  forged  bars. 


*  at  3000°P 
D  =  stress-relieved 
R  =  recrystallized 


7. 2  Materials  Advisory  Board  Targets 

The  target  figures  laid  down  by  the  Materials  Advisory  Board  are: 


Moderate  strength  readily 
fabricable  alloy 


High  strength  alloy 


In  optima  conditions 
Elongation  at  +70°F 
Tensile  properties  (Kpsi)  at 


10 

2000°F,  YS  =  60.  UTS  =  75 
2400°P,  YS  =  35.  UTS  =  50 


2 

2400°F,  YS  =  60,  UTS  =  75 
3000°P,  YS  =  15,  UTS  =  25 


Recrystallization 
temperature  (lh) 
Notched/unnotched  UTS  ratio 
Ductile-to-brittle  transition 


2600°F 
1  at  70°P 


3200°P 
1  at  210°P 


temperature  (bend  on  4T) 


Bending  at  +70°P 


base  metal 
weld 


-40°P 
1  T 
4  T 


+75°P 
4  T 


In  recrystallized  condition 
Elongation  at  70°P  (%) 


10 


2 


20°C 

1. 

090° 

C 

i. 

200° 

C 

1. 

320 0 

C 

1. 

430° 

C 

Alliage 

Etat(&) 

LE 

R 

A(%) 

LE 

R 

A(%) 

LE 

R 

m 

LE 

R 

A(%) 

LE 

R 

A(%) 

(HI 

m2) 

(b) 

(HI 

n m2) 

(b) 

(HI 

run2) 

(b) 

(HI 

m2) 

(b) 

(HI 

m2) 

(b) 

1,5  Nb 

T-C-D 

84 

98 

7 

32 

50 

8 

B-C-D 

75 

89 

4 

10 

16 

75 

T-C-R 

56 

65 

30 

29 

25 

15 

64 

B-C-R 

38 

61 

34 

8 

15 

30 

WZM 

T-C-D 

90 

100 

8 

B-C-D 

91 

100 

30 

50 

22 

T-C-R 

56 

70 

40 

B-C-R 

63 

67 

27 

12 

18 

50 

30W 

B-C-D  g 

53 

64 

10 

P 

75 

85 

22 

40 

25 

B-C-R 

49 

58 

12 

20 

80 

50W 

B-C-D 

93 

100 

14 

32 

56 

26 

14 

35 

37 

B-C-R 

- 

68 

- 

11 

28 

55 

10 

18 

75 

g  =  faible  degre  de  corroyage,  p  =  fort  degre  de  corroyage.  *  k  l.650°C 

(a)  P  --  tfiles  epaisses  C  =  coule  a  1’  arc  D  =  recuit  de  de'tente 

T  =  tSles  (ep.  ^  5  ran)  P  =  metal lurgie  des  poudres  B  =  recristallise 


(b)  Allongements  dans  le  sens  long  par  rapport  a  la  direction  du  dernier  laminage. 


7. 2  Specifications  du  Materials  Advisory  Board 

Les  buts  a  atteindre  fix^s  par  le  Materials  Advisory  Board  sont: 


Alliage  fabricable  a 
risistance  moderie 

Alliage  a 
haute  resistance 

Dans  les  conditions  optima 

A  (%)  k  20°  °C 

10 

2 

a 

1. 090°C,  LE  =42,  R  =  53 
1. 320°C,  LE  =  25,  R  =  35 

1. 320 °C,  LE  =  42,  R  =  53 
1.650°C,  LE  =  11,  R  =  18 

Temperature  recrist.allisation  (lh) 

1. 430°C 

1.760°C 

(R  lisse)/(R  entailld) 

1  a  20  °C 

1  k  100°C 

T°  transition  ductile-fragile 

(pliage  k  4  T) 

-40°C 

+25°C 

1  metal  de  base 

1  T 

4  T 

PllMe  4  20°C  |soo4€ 

4  T 

- 

A  Vetat  recristallise 

A  (%)  k  20° 

10 

2 

Alloy  State ^ 


1800°F 


2000°F 


2200°F 


2m°F 


[a)  T  =  si 
B  =  f< 


7.3  Caracteristiques  de  Fluage 

7.3.1  Rupture  Diffiree  (kg/mrn2)  (Valeurs  moyennes): 


Alliage 

£fat(a) 

980°C 

1.090°C 

1 .  200°C 

1.3%fC 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

T-C-D 

43 

41 

36 

42 

34 

27 

13 

1 

T-F-D 

27 

20 

:  I 

|  1 

B-C-D 

49 

□ 

39 

40 

32 

13 

II 

■  1 

T-C-R 

23 

19 

21 

17 

m 

B-C-R 

23 

■ 

20 

20 

■ 

1 

D 

— 

T-C-D 

51 

47 

42 

1 

25 

16 

■ 

■HI 

T-C-R 

32 

28 

25 

1 

1 

■ 

■ 

14 

■ 

B-C-D 

53 

49 

43 

38 

n 

23 

1 

n 

B-C-R 

1 

28 

24 

21 

■ 

m 

1 

□ 

n 

T-C-D 

28 

■ 

22 

14 

B-C-D 

55 

52 

49 

■ 

■ 

23 

18 

25 

20 

T-C-R 

■ 

* 

13 

B-C-R 

45 

42 

37 

■ 

1 

35 

30 

35 

27 

22 

0,05 

T-C-D 

45 

40 

35 

■ 

■ 

H 

pg 

m 

m 

Zr 

B-C-D 

42 

25 

m 

s 

■M 

(+  C) 

T-C-R 

21 

18 

15 

1 

1 

1 

■ 

B-C-R 

23 

18 

U 

15 

_ 

m 

■ 

■ 

■ 

PH 

0.5  Zr 

T-C-D 

1 

■ 

■ 

1 

26 

21 

■ 

11 

■ 

■ 

(+  C) 

T-C-R 

28 

■ 

■ 

■ 

B 

■ 

B-C-D 

■ 

56 

45 

■ 

■ 

■ 

n 

m 

T-C-R 

a 

■ 

8 

B-C-R 

■ 

26 

■ 

■ 

ii 

■ 

B-C-D 

60 

56 

■ 

■ 

30 

■ 

■ 

23 

13 

D 

8 

B-C-R 

27 

25 

■ 

■ 

16 

B-C-D 

42 

33 

■ 

■ 

■ 

■ 

■ 

■ 

B 

■ 

B-C-D 

46 

41 

■ 

■ 

■ 

■ 

El 

ii 

S 

B-C-R 

27 

23 

H 

■ 

■ 

■ 

1 

m 

H 

ii 

II 

(a)  T  =  tfiles  (4p.  <  5  mm)  C  =  coule  a  1’  arc  D  =  recuit  ue  detente 

B  =  barres  forge'es  F  =  me'tallurgie  des  poudres  B  =  recristalli.se 


7.3.2  Creep  Stress 


1800° F 

2000°F 

24 00°F 

Alloy 

State 

Stress 

(kpsi) 

0.2 

Ti 

nee 

Ion , 
0.5 

■e 

ded 

•at  it 
1 

h ) 

for 

m  o 

2 

5 

Stress 

(kpsi) 

n 

elc 

0.5 

Tine 

cede 

nga 

1 

(h) 
d  fo 
ion 
2 

r 

of 

5 

Stress 

(kpsi) 

Ti. 

neec 

elon 

0.5 

te  (i 

ed 

gat\ 

of 

1 

t) 

or 

on 

5 

* 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

MTC 

Stress 

■ 

i 

50 

0.1 

u 

9 

relieved 

60 

1.6 

m 

9 

20 

30 

3.5 

I 

■ 

50 

6 

16 

M 

125 

210 

20 

25 

■ 

1 

1 

m 

m 

45 

7 

27 

600 

5 1 

m 

m 

Recrys- 

30 

| 

1 

20 

1 

E 

13 

1 

1 

■ 

■ 

tallized 

27 

1 

5 

18 

125 

m 

E 

1 

11 

1 

1000 

m 

■ 

1 

1 

Stress- 

85 

1 

■ 

■ 

| 

30 

■ 

i 

■ 

m 

relieved 

80 

1 

1 

■ 

27 

■ 

■ 

Recrys- 

■ 

1 

1 

1 

20 

1 

i 

m 

1 

tallized 

1 

mi 

1 

1 

■ 

15 

E 

1 

TZC 

Stress- 

74 

■ 

■ 

l 

■ 

| 

■ 

■ 

35 

i 

■ 

relieved 

Recryst. 

I 

1 

■ 

1 

1 

1 

32 

20 

1 

0.05 

Stress- 

1 

1 

J 

46 

10 

■ 

45 

10 

| 

Zr 

relieved 

10 

■ 

30 

100 

ft 

30 

100 

9 

(+  C) 

10 

■ 

m 

■ 

Recryst. 

25 

10 

E 

20 

10 

m 

1 

0.5 

Stress- 

60 

■ 

10 

■ 

■ 

u 

14 

■ 

1 

■ 

Zr 

relieved 

I 

■ 

I 

<+  C) 

Recryst. 

40 

1 

fl 

■ 

m 

■ 

9 

_  . 

35 

1 

■ 

1 

■ 

■ 

10 

10 

■ 

m 

Stress- 

75 

1 

1 

■ 

i 

■ 

■ 

11 

2 

■ 

Nb 

relieved 

70 

3 

I 

■ 

fl 

Recryst. 

40 

II 

m§ 

■ 

1 

■  9 

1 

i 

35 

13 

■ 

■ 

■ 

is 

D 

W2M 

Stress- 

1 

■ 

■ 

■ 

14 

3 

■ 

relieved 

Recryst. 

38 

1 

1 

1 

■ 

| 

B 

1 

| 

37 

1 

1 

E 

1 

B 

■ 

■ 

1 

10 

■ 

30V 

Stress - 
relieved 

50 

2 

1 

1 

l 

1 

1 

■ 

1 

1 

■ 

50W 

Stress - 

relieved 

Recryst. 

35 

1 

1 

1 

■ 

1 

1 

17 

1 

1 

os,,  os*s^ss?x.-+-*s£*se*  ,'iMWiMt  ^j^**SU?tHa«^S!Sr^WS5£yt^5»WS^- 


7.3.2  Fluage 


\  Alii  age 


Temps  (h)  pour  Temps  (h)  pour 

Con-  atteindre  un  Con-  atteindre  un  Con- 

trainte  allongenent  de  trainte  allongement  de  trainte 

(kg/mm2)  |  |  .  |  (kg/mm2)  n  ,1  ,  \  „  \  ,  (kg/mm2) 


0,2  0,5  1  2  5 

'.%%%%% 


0,5  1  2  5 
%  %  %  % 


\(kg/mm  ) 


Temps  (h) 
pour 

atteindre 
un  allonge¬ 
ment  de 

0,5  1  5 
%  %  % 


Recris- 

tallise 


Res- 

taure 

Recrist. 


49 

1 

35 

0,1 

1  2.5 

42 

1,6 

4  9  20 

21 

3,5 

37  200 

35 

6 

16 

34  125  210 

14 

25 

160 

31,5 

7 

27 

260  6  00 

21 

1 

14 

13 

19 

5 

12,5 

125 

8 

1000 

TZC 

Rest. 

Recrist. 

52 

1 

0. 05 

Rest. 

49 

1 

32 

Zr 

43 

10 

21  100 

(+  C) 

38 

10 

Recrist. 

17 

10 

14  10 

0,5 

Rest. 

42 

10 

Zr 

(+  C) 

Recrist. 

28 

1 

25 

1 

1.5 

Rest. 

53 

1 

Nb 

49 

3 

Recrist. 

28 

1 

24 

10 

Rest. 

Recrist. 


Rest. 

Recrist. 
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Hie  following  Is  an  approximate  classification  based  on  the  estimated  stress  (kpsi) 
which  will  give  1%  creep  in  1  hour: 

at  1800 at  2400° F 


T2M  stress-relieved  .... 

..  84 

0.  05  Zr  stress-relieved  . 

.  46 

1.5  Nb  stress-relieved  . 

..  77 

TZG  stress-relieved  . 

.  35 

TZC  stress-relieved  _ 

..  74 

T3!  stress-relieved . 

.  30 

0.05  Zr  stress-relieved 

..  66 

Tai  recrystallized  . 

.  20 

MTC  stress-relieved  _ 

..  64 

WZM  stress-relieved  . 

.  18 

0. 5  Zr  stress-relieved  . 

..  60 

50W  stress-relieved  . 

.  17 

30W  stress-relieved  _ 

..  50 

0. 5  Zr  stress-relieved  . . 

.  14 

1.5  Nb  recrystallized  .. 

..  40 

1.5  Nb  stress-relieved  .. 

.  14 

0.5  Zr  recrystallized  .. 

..  37 

1.5  Nb  recrystallized  ... 

.  11 

wai  recrystallized  . 

..  35 

wan  recrystallized  . 

.  14 

0.05  Zr  recrystallized  . 

..  28 

50W  recrystallized  . 

..  28 

MTC  recrystallized  . 

...27 

7.4  Young’ s  Modulus 

(Modulus  in  static  tension,  in  millions  of  psi). 


■ 

+70°F 

1800°F 

2000°F 

2200°F 

2 m°F 

3000°F 

45 

29 

■pw 

■3S 

40 

28 

in 

■9 

50 

■■ 

mm 

7.5  Stress-Relief  and  Recrystallization 

Stress-relief  temperatures  depend  fundamentally  on  the  metal -fabrication 
conditions  involved. 

Recrystallization  temperatures  also  depend  on  fabrication  conditions.  An  applied 
stress  of  3000  to  6000  psi  may  lower  the  recrystallization  temperature  by  180°F. 


Alloy 

Re  crystallization  temperature  (lh) 

Commonest  stress-relieving 
treatments 

MTC 

2400-2700°P  (see  next  table) 

lh  at  2000-2160°P  (sheet) 

&h  at  2200°P  (bars) 

RZM 

2640-2920°F  (see  next  table) 

lh  at  1920-2200°P  (sheet) 

15  miD  -  lh  at  2200-2380°P  (bars) 

TZC 

2900°P  (sheet) 

3400°P  (bars) 

2200°P  (sheet  and  bars) 

(Continued) 
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On  peut  donner  le  classement  approximate  suivant  (en  se  basant  sur  la  charge 
estirade  donnant  1%  de  fluage  en  lh  (en  kg/mm2)): 


h  980°C  a  1.320°C 


TZM  restaurd  . 

..  59 

0, 05  Zr  restaure  . 

..  32 

1,5  Nb  restaurd . 

..  54 

TZC  restaurd  . 

..  25 

TZC  restaurd  . 

..  52 

TZM  restaurd  . 

..  21 

0,05  Zr  restaurd . 

..  46 

T2M  recristallisd  . 

..  14 

MTC  restaurd  . 

..  45 

WZM  restaurd  . 

..  13 

0, 5  Zr  restaurd  . 

..  42 

50W  restaurd  . 

..  12 

30W  restaurd  . 

..  35 

0, 5  Zr  restaurd  . 

..  10 

1, 5  Nb  recristallisd  . . . 

..  28 

1,  5  Nb  restaurd . 

..  10 

0,  5  Zr  recristallisd  . . . 

..  26 

1, 5  Nb  recristallisd  . . 

..  8 

WZM  recristallisd  . 

..  25 

WZM  recristallisd  . 

..  10 

0,05  Zr  recristallisd  .. 

..  20 

50W  recristallisd  . 

..  20 

MTC  recristallisd  . 

..  19 

7.4  Module  d’ Elasticite 

(Module  statique  en  traction  -  kg/mm2).. 


20% 

980°C 

1.090% 

1.200% 

1.320% 

1. 650% 

MTC 

31.  500 

20. 300 

17.000 

11.000 

TZM 

28. 000 

20. 000 

14. 000 

8.  000 

30W 

35. 000 

7.5  Restauration  et  Recristallisation 

Les  temperatures  des  traitements  de  restauration  dependent  essentiellement  des 
conditions  de  transformation  mises  en  jeu. 

La  tempdrature  de  recristallisation  depend  dgalement  des  conditions  de  transformation. 
Une  contrainte  en  service  de  2  4  4  kg/mm2  peut  abaisser  de  100°C  la  tempdrature  de 
recristallisation. 


Alliage 

Temperature  de  recristallisation  (lh) 

Traitements  de  ditente- 
restauration  les  plus  courante 

MTC 

1. 320-1. 480°C  (voir  tableau  ci-aprds) 

lh  i  1. 090-1. 180°C  (tfile) 

Vih  a  1. 200°C  (barre) 

T m 

1. 450-1. 600°C  (voir  tableau  ci-aprds) 

lh  a  1. 050-1. 200°C  (t6le) 

Wh  a  lh  &  1. 200-1. 300°C  (barre) 

TZC 

1. 590°C  (tfile) 

1.870°C  (barre) 

1. 200°C  (tfile  et  barre) 

(Voir  page  suivante) 


Alloy 


Recrystallization  temperature  (lh) 


Commonest  stress-relieving 
treatments 


TZC 


0.05  Zr 

0.5  Zr 
1.5  Nb 

W2M 

30W 

50W 


c  (%) 

Recry st.  temp. 

2900 

3060 

3240 

3400 

2500-2640°F  (sheet) 

(see  next  table) 

2900 °F  (bars)  2700°P  (sheet) 
2640°P  (bars)  2300°P  (sheet) 

2600°P  (bars)  2740°P  (sheet) 

2600°P 

2700°F  (bars)  2800°P  (sheet) 


lh  at  2000-2100°P  (sheet) 
lh  at  1800  (bars) 
lh  at  2200°P  (sheet) 
lh  at  2100°P  i,  bars) 

£h  at  1800-2000 °P  (she-  .) 
lh  at  2000°P  (bars) 

15  min  at  2200°P  (sheet > 

2000-2300°P 

2000°P 


Arc  melted  alloys  -  Temperature  for  full  recrystallization  (lh) 
for  bars  rolled  at 


2200° F 

3000°F 

Degree  of  reduction  (%, 

Degree  of  redtuc 

ion  (%, 

10 

20 

30 

60 

90 

10 

20 

30 

60 

90 

MTC 

EH 

3000 

2600 

2400 

3180 

HI 

K 

TZM 

EH 

3000 

2700 

2640 

EH 

0.05  Zr  +  C 

m 

2900 

B3I 

2600 

2560 

2920 

Alloy  T2M,  arc  melted  -  Influence  of  forging  conditions. 


Forging 

temperature 

Tempe 
recry sta 
followin 
10% 

rature  (°F)  for 
llization  (lh) 
g  degrees  of  r 
30% 

full 
for  the 
eduction 

60 % 

1900°P 

3600 

3600 

3400 

2200°P 

- 

2800 

2700 

2400°P 

3000 

2800 

2700 

2900°F 

3200 

3000 

2700 

3400 °P 

3200 

3000 

2800 

7.6  Ductile-to-Brittle  Transition  Temperature 

Other  things  being  equal,  the  transition  temperatures  of  the  usual  molybdenum 
alloys  are  generally  not  much  higher  than  those  of  molybdenum  metal  (except  for  the 
Mo-Re  alloys  already  described  in  Section  5. 1.3.2). 
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Alliage  !  Tempirature  de  recristallisation  (lh) 


Traitements  de  ditente- 
restauration  les plus  courants 


TZC 


C  (%) 


0,05 


0.1 


0,2 


0,3 


0, 05  Zr 

0,5  Zr 
1.5  Nb 


T°  recrist. 

(barre)  (°C) 

1. 370-1. 450°C  (tfile) 


1.590 


1.680 


1.780 


1.870 


(voir  tableau  ci-aprAs) 

1. 590°C  (barre)  -  1.480°C  (tOle) 
1. 450°C  (barre)  -  1.260°C  (t61e) 


ftZM 


1. 430°C  (barre)  -  1.500°C  (tOle) 


30W  I  l.‘130°C 

50W  I  1.480°C  (barre)  -  1.540°C  (tole) 


lh  A  1. 090-1. 150°C  (tfile) 
lh  A  980°C  (barre) 
lh  A  1. 200°C  (tOle) 
lh  A  1. 150°C  (barre) 

£h  a  980-1. 090°C  (tole) 
lh  k  1. 090°C  (barre) 

Kh  k  1. 200°C  (t61e) 

1. 090-1. 260°C 
1. 090°C 


i 

i 

! 

i 


MTC 

TZM 

0. 05  Zr  +  C 


Alliages  fondus  a  1‘arc  -  Tempirature  de  recristallisation  complete 
(lh)  pour  des  barres  laminies  a 


1 . 200  C 


Degri  de  riduction  (%) 

10  |  20  |  00  I  60  i  90 


1.700 

1.760 

1.590 


1.650 

1.650 

1.590 


1.480 

1.600 

1.540 


1.430 

1.480 

1.430 


1.320 

1.450 

1.400 


1.650°C 


Degri  de  riduction  (%) 

10  20  \  30  \  60  \  90 


1.750 

1.780 

1.710 


1.540 

1.700 

1.600 


1.480 

1.650 

1.580 


1.500 

1.630 

1.650 


1.55r 

1.601 

1.651 


Alliage  TZM  fondu  A  1’  arc  -  Influence  des  conditions  de  forgeage. 


Tempirature 
de  forgeage 

Tempirat 
comp  let 

m 

ure  de  recrista 
e  (lh)  pour  des 
de  riduction 
30 % 

lisation 

degris 

de 

60 % 

1.030°C 

1.980 

1.980 

1.870 

1. 200°C 

- 

1.540 

1.480 

1. 320°C 

1.650 

1.540 

1.480 

1.  590°C 

1.760 

1.650 

1.480 

1.870°C 

1.760 

1.650 

1.540 

7.6  Transition  Ductile-Fragile 

Les  temperatures  de  transition  des  alliages  courants  de  Mo  sont  en  general  peu 
supdrieures  k  celles  du  molybdAne  non  allid,  A  condition  Agales  (sauf  le  cas  des 
alliages  Mo-Re  dAjA  ddtailie  en  Section  5. 1.3.2). 
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This  temperature  also  depends  greatly,  as  it  does  for  niobium,  on  factors  such 
as:  thermal  treatment  condition,  content  of  interstitial  impurities  (02  and  N2). 
grain  size,  surface  condition,  method  of  deformation  (bending,  tension,  impact, 
notched  or  unnotched  specimen),  speed  of  deformation  (slow  or  rapid). 

The  following  table  gives  a  few  representative  values  of  the  transition 
temperature  ( in  °P) 


Alloy 

Stct«(a) 

30°F 

Tensile  Prop 

~75°F 

lerties 

-100°F 

-1700°F 

TV  a 
Ten 

te 

un¬ 

not¬ 

ched 

nsiti 

sile 

St 

not¬ 

ched 

on  temp. 

Bend 

test 

90° 

1  T 

(°F) 

Impact 

test 

not¬ 

ched 

YS 

(kp 

UTS 

si) 

EL 

(%) 

e 

(%) 

YS 

(h 

UTS 

si) 

El. 

(%) 

e 

(%) 

UTS 

(kpsi) 

EL 

(%) 

e 

(%) 

UTS 

(kpsi) 

El. 

(%) 

e 

(%) 

MTC 

B-C-D 

B-C-R 

T-C-D 

T-C-R 

T-F-D 

133 

137 

100 

23 

0 

70 

10 

154 

156 

0 

10 

120 

147 

112 

0 

0 

0 

0 

35 

0 

190 

162 

130 

0 

0 

0 

0 

24 

0 

-60 

+30 

-130 

30 

<-40 

+60 

+450 

+50 

+400 

<+70 

+710 

+600 

0. 15  Ti 

0.003  G 

B-C-D 

16 

TZM 

B-C-D 

B-C-R 

T-C-D 

T-C-R 

107 

80 

128 

85 

32 

35 

58 

28 

157 

118 

160 

120 

0 

8 

0 

5 

-10 

+30 

-60 

+30 

+120 

+50 

TZC 

T-C-D  J(i) 
L 

T-C-R  l 

h 

130 

170 

80 

72 

150 

140 

100 

91 

15 

15 

30 

5 

160 

0 

0 

0 

0 

0 

0 

0 

-20 

+15 

+15 

+30 

+30(ii) 

+15(ii> 

+90(ii) 

+90(ii) 

0.05 

Zr 

B-C-D 

B-C-R 

117 

72 

150 

85 

30 

18 

58 

15 

118 

122 

0 

3 

0 

0 

+15 

-75 

+50 

70 

0.5 

Zr 

B-C-D 

B-C-R 

T-C-D 

90 

50 

120 

80 

30 

30 

50 

30 

128 

130 

0 

0 

0 

0 

0 

+30 

-40 

1.5 

Nb 

T-C-D  l(1) 
h 

T-C-R  l 

h 

128 

128 

85 

90 

140 

140 

91 

100 

10 

0 

35 

28 

- 

160 

120 

118 

170 

123 

120 

0 

2 

1 

0 

0 

+5 

+80 

+15 

-20 

+190 

+230 

+50 

+60 

+50 

+70 

for  references  3ee  page  156. 


(Continued) 


-i  !XZ~irtr' 


‘•S»  “'  K?-«irZn^V‘r*H. 
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En  outre,  cette  temperature  depend  fortement,  comme  dans  le  cas  du  niobium,  de 
facteurs  tels  que:  e+,at  de  traitement  thermique,  teneurs  en  impuretds  interstitielles 
(02  -  N2) ,  grosseur  du  grain,  etat  de  surface,  mode  de  deformation  (pliage  -  traction  - 
impact  -  dprouvette  lisse  ou  entaill^)  -  vitesse  de  deformation  (lente  ou  rapide), 

Le  tableau  ci-apr^s  donne  quelques  valeurs  indicatives  de  la  temperature  de 
transition  (en  °C): 


Alliage 

Etat(a) 

Car 

0° 

_ 

icteristiques 

-60°C 

n  traction 

-75°C 

-110°C 

T° 

Trac 

lisse 

transi 

tion 

en¬ 
tail - 
lee 

tion  (° 

Pliage 
a  90° 
IT 

C) 

Fle¬ 

xion 

par 

choc 

en- 

taill 

LE 

(kg/ 

R 

*»2J 

A 

(%) 

e 

(%) 

LE 

(kg/ 

R 

tn2) 

A 

(%) 

e 

(%) 

R 

(kg/ 

»*2j 

A 

(%) 

e 

(%) 

R 

(kg/ 

an2) 

A 

(%) 

e 

(%) 

MTC 

B-C-D 

B-C-R 

T-C-D 

T-C-R 

T-F-D 

93 

96 

70 

23 

0 

70 

10 

107 

108 

0 

10 

84 

103 

78 

0 

0 

0 

0 

35 

0 

133 

113 

91 

0 

0 

0 

0 

24 

0 

-50 

■V.  0 

-90 

0 

<-40 

+15 

+230 

+10 

+200 

<+20 

+380 

+320 

0,15  Ti 
0,003  C 

B-C-D 

16 

TZM 

B-C-D 

B-C-R 

T-C-D 

T-C-R 

75 

56 

90 

60 

32 

35 

58 

28 

110 

83 

112 

84 

0 

8 

J 

5 

-25 

~  0 

-50 

<v.  0 

+50 

+10 

rzc 

T-C-D  I(1^ 
h 

T-C-R  l 

h 

91 

84 

56 

50 

105 

98 

70 

64 

15 

15 

30 

5 

112 

0 

0 

0 

0 

0 

0 

0 

-30 

-10 

-10 

+25 

* 

~  0 
-i°; 
+30* 
+30* 

0,05 

Zr 

B-C-D 

B-C-R 

32 

50 

105 

60 

30 

18 

58 

15 

83 

85 

0 

3 

0 

0 

-10 

-60 

+10 

+20 

0,5 

Zr 

B-C-D 

B-C-R 

T-C-D 

63 

35 

84 

56 

30 

30 

50 

30 

90 

91 

0 

0 

0 

0 

-20 

<v  0 

-40 

1.5 

Nb 

T-C-D  t(1) 
h 

T-C-R  l 

h 

90 

90 

30 

63 

98 

98 

64 

70 

10 

0 

35 

28 

- 

112 

84 

83 

119 

86 

84 

0 

2 

1 

0 

0 

•• 

-15 

+25 

-10 

-30 

+90 

+110 

+10 

+15 

+10 

+20 

\ 


voir  references  (page  157). 


(Voir  page  suivante) 


(a)  ‘f  =  sheet  (<  0. 2  In  thick)  C  =  arc  cast  D  =  stress-relieved 

B  =  forged  bars  P  =  powder  metallurgy  R  =  recrystallized 


(i)  l  =  finish  rolling  at  relatively  "low”  temperature 
h  =  finish  rolling  at  relatively  "high”  temperature 

cm  =  chem-milling  finish 

(ii)  Hie  transition  temperatures  of  this  alloy  rolled  under  protective  atmosphere  in  the 
IN  PAB  shop  (Dniv.  Cyclop)  are  distinctly  higher. 


r 
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Alliage 

Etat(a) 

Cart 

0° 

cteristiques 

-60°C 

m  tractioi 

-75 °C 

-110°C 

1° 

Trac 

lisse 

trans\ 

tion 

en¬ 

tail- 

lee 

tion  (° 

Pliage 
a  90° 
IT 

C) 

Fie- 

xion 

par 

choc 

cn- 

taill 

LE 

(kg/ 

R 

»2J 

A 

(%) 

e 

(%) 

LE 

(kg/ 

R 

ia2) 

A 

(%) 

e 

(%) 

R 

(kg/ 

■a2) 

A 

(%) 

e 

(%) 

R 

(kg/ 

2 

aa  ) 

A 

(%) 

e 

(%) 

T-C-D  Z(1) 
h 

T-C-R  Z 

h 

B-C-D 

95 

90 

63 

63 

105 

98 

70 

70 

13 

8 

35 

30 

100 

95 

90 

78 

110 

100 

91 

80 

1 

-45 

•V.  0 

~  0 

+10 

+200 

~  0 

+10 

+20 

+35 

i 

30? 

B-C-D 

<0° 

■ 

50W 

T-C-D  Z(1) 
h 

T-C-R  Z 

Z+cm 

h 

h+cm 

(a)  T  *  toles  (ep.  $  5  mm)  C  =  coule  a  1’  arc  D  =  recult  de  detente 

B  =  barres  forgees  F  =  metallurgie  des  poudres  B  =  recristallise 


(1)  I  =  laminage  final  a  basse  temperature  , 

h  =  laminage  final  a  haute  temperature 

cm  =  flnition  par  chem-milling  | 

*  Les  temperatures  de  transition  de  cet  alliage  lamine  sous  atmosphere  protectrice  de  F  atelier 
IN  PAB  (Dniv.  Cyclop)  sont  nettement  plus  elevees. 


i 

i 


159 


L’  influence  de  1*  dtat  final  est  le  suivant  (sur  produits  obtenus  &  partir  de 
mdtal  could): 


Tempirature  de  transition  ( °C ) 


All.  A#7C(1) 
Traction  - 
Barres 

Alliage  T2M(3) 
Pliage  90° 
sur  IT 

Alliage  0, 05 Zr 

Pliage  a  9C° 

Epr ouvette 

D°  de 

T° 

r 

riduc- 

de 

de 

Etat 

en- 

tion 

tran- 

Etat 

Sens ^ 

tran- 

lisse 

tail- 

au 

sition 

sition 

lie 

lamin. 

(°C) 

H 

(°C) 

Recris- 

gros  gr.  (300/x) 

BWI 

96 

-50 

0,  022 

restaurd 

H 

+10 

+  Q  1H  CtJ  ' 

gr.  moy.  (200/a) 

+325 

90 

-30 

-45 

gr.  fin  (30/4 

pmtl 

EMJ 

60 

+50 

40 

+90 

recristallisd 

+25 

"Brut  de 

25% 

20 

+120 

1 

-5 

corroyage  68% 

-  25 

— 

0,  053 

restaurd 

Ml 

+45 

Corroyd  68%  +  restaurd 

-  50 

+100 

+30 

recristallisd 

+55 

■9 

(l)  C  =  0,03%  (2)  T  pliage  en  travers  du  sens  de  laminage 

02  =  50  ppm  L  pliage  en  long  par  rapport  au  sens  de  laminage 

N2  =  30  ppm 

H2  <  1  ppm  (3)  restaure 


8.  CORROSION  PAR  LES  GAZ,  PRODUITS  CHIMIQUES  ET  METAUX  FONDUS 
8. 1  Resistance  a  1’  Oxydation 

Du  fait  de  la  resistance  extr§mement  mauvaise  du  molybddne  &  1’  oxydation  dans  1’  air, 
de  nombreux  programmes  de  recherches  ont  dtd  entrepris  en  vue  d’  obtenir  des  alliages 
prdsentant  une  tenue  amdliorde,  les  iddes  de  base  dtant  d’ aj outer  des  dldments  dont 
les  oxydes  puissent  se  combiner  avec  Mo03  pour  former  des  molybdates  stables  ou  des 
dldments  dont  les  oxydes  se  forment  au  detriment  de  Mo03  et  soient  stables. 

Le  nickel  est  1’ dldment  d’ addition  le  plus  intdressant;  il  se  forme  un  molybdate 
de  nickel  Mo04Ni,  protecteur  et  autordgdndrateur  (ce  molybdate  dtant  cependant  instable 
&  basse  tempdrature,  quoique  amdliorable  par  une  addition  de  Mn).  Mais  les  teneurs 
requises  sont  d*  au  moins  10  i  15%  et  la  quantitd  de  composd  intermdtallique  fragile 
Mo-Ni  rdpartie  aux  joints  des  grains  est  telle  que  ces  alliages  Mo-Ni  sont  extrdmement 
difficiles  &  transformer  et  restent  trds  fragiles,  tout  en  ayant  de  faibles 
caractdristiques  mdcaniques  &  chaud. 
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Chromium,  cobalt,  titanium  and  calcium  have  some  effect.  At  2000°F,  alloys  such, 
as:  Mo  +  8.5%  Ca,  Mo  +  15%  Ni.  Mo  +  15%  Ni  +  2%  Co  and  Mo  +  30%  Cr  +  5%  Ti  have  shown 
resistance  to  oxidation  (measured  by  weight  of  oxide  formed)  100  times  greater  than 
that  of  pure  molybdenum  metal.  Even  that  improvement  is  still  quite  inadequate 
(see  Pig. 2).  These  alloys  are  also  extremely  brittle,  even  at  high  temperatures. 

Additions  of  W,  Nb,  Ta,  Al,  Be,  Pe  or  Th  have  no  appreciable  effect. 

Industrially  developed  alloys  contain  practically  no  addition  for  the  express 
purpose  of  improving  their  resistance  to  oxidation,  which  is  almost  as  bad  as  that 
of  pure  molybdenum  metal. 


8.2  Resistance  to  Corrosion  by  Chemicals 
and  Liquid  Metal 

Little  information  concerning  alloys  is  available. 

It  may  be  noted  that  the  alloy  MTC  is  at  least  as  resistant  as  Mo  to  molten  K. 


9.  FABRICATION 
9. 1  Welding 


r 


Alloy  Welding  properties 


MTC  The  welds  are  sometimes  better  than  on  Mo  metal.  They  may  be  somewhat 

ductile  at  R.T.  Electron  beam  welding  produces  little  improvement 
and  is  sometimes  even  more  unsatisfactory  than  TIG  welding. 

The  alloy  MTC  may  also  be  welded  to  W  by  the  electron  beam  method. 


TZM 


The  quality  of  the  welds  is  generally  better  than  for  MTC  provided 
that  the  metal  to  be  welded  is  pre-heated  to  400-575°F,  to  avoid 
cracking. 

The  narrower  the  welded  area  and  the  slower  the  welding  speed,  the 
lower  the  transition  temperature  in  bending  (+  340  to  +  140°P). 

Both  metal  and  gas  need  to  be  scrupulously  clean. 

Electron  beam  welding  can  be  used  for  thin  sheet  (0.004  to  0.008  in 
thick). 


TZC 


The  quality  of  the  welds  is  equivalent  to  that  of  TZM. 


0. 05  Zr 


I 


Behaviour  similar  to  that  of  Mo  metal. 


[  The  above  considerations  apply  to  TIG  arc  welding  (unless  otherwise  stated). 

( 


f 
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La  chrome,  le  cobalt,  le  titane,  le  calcium,  ont  une  certaine  efficacitd.  Des 
alliages  tels  que:  Mo  +  8,5%  Ca,  Mo  +  15%  Ni,  Mo  +  15%  Ni  +  2%  Co,  Mo  +  30%  Cr  +  5%  Ti, 
ont  prdsentd  k  1.090°C  des  resistances  &  1’ oxydation  (basdes  sur  le  poids  d' oxyde 
formd)  100  fois  supdrieures  k  celle  du  molybddne  non  allid.  Une  telle  amdlioration  | 

reste  encore  trds  nettement  insuffisante  (voir  Pig. 2,  page  19).  Ces  alliages  sont, 
en  outre,  extrdmement  fragiles,  mdme  4  chaud. 

Les  additions  de  W,  Nb,  Ta,  Al,  Be,  Pe,  Th,  n’  ont  aucun  effet  appreciable. 

Les  alliages  ddveloppds  industriellement  n’  ont  done  pratiquement  aucune  addition  I 

essentielle  dans  le  but  d’  amdliorer  leur  resistance  k  1’  oxydation  qui  est  sensiblement  < 

aussi  mauvaise  que  celle  du  molybddne  non  allid.  f 

I 

8.2  Resistance  &  la  Corrosion  par  les  Produits  j 

Chimiques  et  les  Metaux  Fondus  : 

Peu  d’ informations  sont  disponibles  pour  les  alliages. 

On  note  que  I'alliage  MTC  rdsiste  au  moins  aussi  bien  que  Mo  k  K  fondu. 


9.  MISE  EN  FORME 


9. 1  Soudage 


Alliage 

Soudabilite 

MTC 

Les  soudures  sont  parfois  meilleures  que  sur  Mo  non  allid.  Elies 
peuvent  presenter  quelque  ductilitd  k  20°C.  Le  soudage  par  bombarde- 
ment  dlectronique  apporte  peu  d’  amdliorr.tion,  et  mdtne  parfois  est 
plus  ndfaste  que  le  soudage  TIG. 

L’  alliage  MTC  peut  dgalement  6tre  soudd  A  ff  par  bombardement 
dlectronique. 

TZM 

La  qualitd  des  soudures  est  dans  1’  ensemble  meilleure  que  pour  le  MTC 

A  condition  de  prdchauffer  le  mdtal  k  souder  A  200-300°C,  pour  dviter 
des  criques. 

La  tempdrature  de  transition  en  pliage  (+  175°C  A  +  60°C)  est  d’  autant 
plus  basse  que  la  zone  soudde  est  plus  dtroite  et  la  vitesse  de 
soudage  plus  lente. 

Une  propretd  extreme  du  mdtal  et  du  gaz  est  ndeessaire. 

La  soudure  par  bombardement  dlectronique  peut  dtre  appliqude  aux  tOles 
minces  (0, 1-0,2  mm). 

TZC 

Qualitd  des  soudures  dquivalente  A  celle  du  T2M. 

0,05  Zr 

Comportement  semblable  4  celui  de  Mo  non  allid. 

Les  considerations  prdeddentes  s’  appliquent  au  cas  de  soudage  par  fusion  k  1’  arc 
TIG  (sauf  mention  contraire), 


•  43  ' 
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9. 2  Brazing 

Owing  to  the  difficulties  resulting  from  the  welding  of  molybdenum  and  its  alloys 
by  fusion,  great  attention  has  been  given  to  the  possibility  of  finding  a  solution 
in  brazing. 

A  fundamental  necessity  for  the  brazing  metal  is,  firstly,  that  it  shall  melt  at 
a  temperature  below  the  recrystallization  temperature  of  the  base  metal  and  shall  not 
form  brittle  intermetallic  compounds  with  Mo,  and  secondly,  that  the  recrystallization 
temperature  of  the  alloys  formed  by  diffusion  with  Mo  in  service  shall  not  be  much 
lower  than  that  of  the  base  metal.  Moreover,  the  lower  the  melting  point  of  the 
brazing  solder,  the  lower  the  maximum  temperature  which  can  be  contemplated  in 
service.  The  metals  and  alloys  which  have  been  given  first  consideration  are:. 


Ag-Cu 

Ag-Cu-Zn 

Cu-Mn 

Ag 

Ag-Mn 

Ni  -Cr-Be 

Cu 

Nb-Ni 

Pd-Ni 

Temperature  of 
the  liquidus 

1440°F 

1325-1470°F 

1600°F 

1760°F 

1780°F 

1960°F 

1980°F 

2170°F 

2190°F 

Brazing  alloys  for  use  at  low  temperatures  consist  mainly  of  alloys  based  on  Cu  or 
Ag,  or  the  alloy  Ag-Cu-Ni-Li. 

Brazing  alloys  for  use  at  high  temperatures  (over  1200°F)  are  much  more  difficult 
to  produce,  for  most  of  the  metals  or  alloys  suggested  (Ni,  Pt,  Monel,  Ni-Ti,  Nb-Ti) 
form  intermetallic  compounds.  Alloys  such  as  Pd-35  Cu  or  Pd-7  A1  seem  promising 
(except  for  the  alloy  TZM) . 

The  following  alloys  have  also  been  considered: 

55Co-20Cr-15W-10Ni  (melting  point:  2600qF); 

60Pd-40Ni; 

Ruthenium  (3300°F)  or  Ru-Mo  (melting  point:  3500°F); 

Mo-B  (3650°F). 

For  the  alloy  TZM,  the  brazing  solder  which  has  shown  most  promise  is  Ti-8Si  used 
at  2550°F,  giving  a  service  temperature  of  3000°F,  but  its  application  causes 
partial  recrystallization  of  the  alloy  and  extreme  brittleness  (El.  =  0%).  This 
phenomenon,  which  does  not  occur  with  alloys  of  Nb  or  Ta  is  still  the  greatest 
handicap  to  be  overcome.  The  alloy  Ti  +  13V  +  HCr  +  3A1  has  also  been  used  but  it 
is  not  compatible  with  the  usual  protective  coatings.  Attempts  are  also  being  made 
to  find  mixtures  which  partially  melt  at  low  temperatures  and  reconstitute  new 
alloys  melting  at  higher  temperatures  by  diffusion:  this  gives  better  working 
temperatures  (“diffusion  sink  technique").  For  instance: 


9.2  Brasage 


Par  suite  des  difficult^  resultant  du  soudage  par  fusion  du  molybddne  et  des  ses 
alliages,  une  grande  attention  a  dtd  donnde  4  la  solution  par  brasage. 

Un  impdratif  primordial  concernant  le  mdtal  de  1*  alliage  de  brasure  est,  d’  une 
part  qu’  il  doit  fondre  &  temperature  infdrieure  &  la  temperature  de  recristallisation 
du  rndtal  de  base,  qu’  il  ne  doit  pas  former  de  composes  intermetalliques  fragiles  avec 
Mo,  et  d’ autre  part  que  les  alliages  formes  avec  Mo  par  diffusion  en  service  du  metal 
de  brasure  n’  aient  pas  une  temperature  de  recristallisation  trop  inferieure  a  celle  du 
rndtal  de  base.  Mais,  en  outre,  plus  la  temperature  de  fusion  de  la  brasure  est  basse, 
plus  la  temperature  maximum  de  service  envisageable  est  faible.  Les  mdtaux  ou 
alliages  qui  ont  dte  considers  en  premier  lieu  sont: 


Ag-Cu 

Ag-Cu-Zn 

Cu-Mn 

Ag 

Ag-Mn 

Ni-Cr-Be 

Cu 

Nb-Ni 

Pd-Ni 

T°  du 

liquidus  (°C) 

780 

720-800 

870 

960 

1.970 

1.070 

1.080 

1.190 

1.200 

Les  brasures  pour  service  4  basse  temperature  sont  constituees  principalement  par 
des  alliages  4  base  de  Cu  ou  Ag,  ou  1* alliage  Ag-Cu-Ni-Li. 

La  realisation  de  brasures  pour  service  4  haute  temperature  (superieure  4  650°C) 
est  beaucoup  plus  difficile,  car  la  plupart  des  mdtaux  ou  alliages  proposes  (Ni,  Pt, 
Monel,  Ni-Ti,  Nb-Ti)  forment  des  composes  intermetalliques.  Des  alliages  tels  que 
Pd-35  Cu  ou  Pd-7  Al,  semblent  prometteurs  (sauf  pour  1’ alliage  T2M) . 

On  a  dgalement  envisage  les  alliages  suivants: 

55Co-20Cr-15W-10Ni  (fusion  4  1.425°C) 

60Pd-40Ni 

Ruthenium  (1.800°C)  ou  Ru-Mo  (fusion  4  1.900°C) 

Mo-B  (2. 000°C) 

Pour  1‘ alliage  1 7M,  1’ alliage  de  brasure  ayant  montre  quelque  intdrdt  est  Ti-8Si 
appliqud  4  1.400°C  et  ayant  une  temperature  de  service  de  1.650°C,  mais  son  applica¬ 
tion  provoque  une  recristallisation  partielle  et  une  fragilisation  quasi  totale 
(A  -  0%)  de  1’  alliage.  Ce  phenom4ne,  qui  ne  se  produit  pas  avec  les  alliages  de  Nb 
ou  Ta,  reste  le  plus  gros  handicap  4  surmonter.  On  a  utilise  dgalement  1* alliage 
Ti  +  13V  +  HCr  +  3A1,  mais  cet  alliage  n’  est  pas  compatible  avec  les  revdtements 
protecteurs  courants.  On  recherche  dgalement  des  mdlanges  fondant  partiellement  4 
basse  tempdrature  et  reconstituant  par  diffusion  des  alliages  fondant  a  plus  haute 
tempdrature,  d’  o4  des  tempdratures  de  service  amdliordes  ("diffusion  sink-technique”) 
Par  exemple: 


Basic 

al  lays 

Melting 

point 

(°F) 

Addition 

(powder) 

Be me  It 
temperature 

Zr 

Ti 

V 

Cr 

Ni 

Si 

43 

25 

32 

2220 

Mo 

43 

25 

32 

2220 

Mo  +  C  or  B 

3300°F 

85 

8 

7 

2250 

Mo 

or 

65m 

25 

10 

2320 

Mo 

more 

33 

34 

33 

2480 

Ta 

Brazing  of  graphite  to  molybdenum  may  be  done  with  the  help  of  alloys  such  as 
48Ti-48Zr-4Be  or  35Au-35Ni-30Ta. 

Techniques  for  bonding  by  diffusion  at  high  temperatures  are  also  being 
thoroughly  examined.  The  following  may  be  used  as  intermediate  metals:. 

Ni. 

Ti,  except  for  bonding  with  nickel  alloys, 

Au-Pd,  except  for  bonding  with  nickel  alloys, 

Ag-Pd. 


9, 3  Forming 

The  principal  alloys  are  prepared  either'-by  sintering  or  by  double  arc  melting. 


Alloy 

Forming  process 

Product 

MTC* 

The  alloy  car.  be  forged  as 
sintered.  For  cast  alloy,  pre¬ 
liminary  extrusion  at  2400-2600°F 
is  necessary.  Hot  rolling  at 

2200°F.  Cold  work  up  to  90%  at 
temperatures  falling  to  1570°F. 

Ail  shaping  must  be  done  hot  or 
warm.  Explosive  forming  is 
interesting  for  this  alloy. 

Sheets  of  cast  alloy  down  to 

0.02  in  thick  and  40  x  120  in. 
Sheets  of  sintered  alloy  up  to 

0.04  in  thick  and  6  x  32  in. 

Bars. 

Tubes. 

for  references  see  page  166. 


(Continued) 
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Alliage  de  base 

Tempirature 
de  fusion 

(°C) 

Addition 

(poudre) 

Tempirature 
de  re fusion 

Ti 

n 

Cr 

Ni 

Si 

1 

1.215 

Mo 

supdrieure 

1.215 

Mo  +  C  ou  B 

ou 

85 

7 

1.230 

Mo 

dgale 

65 

25 

Q 

1.270 

Mo 

A 

34 

33 

H 

1.360 

Ta 

1. 815°C 

Le  brasage  du  molybddne  au  graphite  peut  dtre  effectud  avec  1'  aide  d’  ailiage3  tols 
que  48Ti-48Zr-4Be  ou  35Au-35Ni-30Ta. 

Les  techniques  de  liaison  par  diffusion  &  chaud  sont  dgalement  l’objet  d’ examens 
approfondis.  Comme  mdtaux  intermddiaires,  on  peut  utiliser: 

Ni 

Ti,  sauf  dans  le  cas  de  liaisons  avec  alliages  de  nickel 
Au-Pd,  sauf  dans  le  cas  de  liaisons  avec  alliages  de  nickel 
Ag-Pd. 


9.3  Fabricabilitd  -  Production 

Les  principaux  alliages  sont  prdpards,  soit  par  frittage,  soit  par  double  fusion. 


Alliage 

Fabricabiliti 

Production 

MTC* 

V  alliage  frittd  peut  dtre  forgd 
directement.  Pour  1*  alliage  could, 
un  filage  prdalable  k  1.300-1. 400°C 
est  ndcessaire.  Laainage  A  chaud 
k  l.200°C.  Pinition  k  tiAde  (cold- 
work)  jusqu’  k  90%  A  tempdrature 
decroissante  jusqu’  A  850°C.  Toute 
opdration  de  formage  doit  §tre 
pratiqude  a  tiAde  ou  A  chaud. 

La  technique  de  formage  par 
explosion  est  intdressante  pour  cet 
alliage. 

TOles  en  could  jusqu'  A  0, 5  mm 
d’  dpaisseur  et 

1.000  x  3.000 
en  frittd  jusqu’ A  1  mm 
d’  dpaisseur  et 

150  x  800 

Barres 

Tubes 

voir  reference  (page  167)  (Voir  page  suivante) 


Alloy 

Forming  process 

Product 

TZM* 

As  above.  After  extrusion  at 
2700-4000°P,  the  metal  is  forged 
at  2900-3300°F  and  even  at  3500- ) 
3600°F.  (Solid  solution) . 

Hot  rolling  at  2800-2500°F. 

Final  rolling  at  1800-2000°F. 

All  shaping,  including  shearing  and 
sawing,  must  be  done  hot  or  warm 
(200-1000°F  according  to  thickness. 

Sheet  down  to  0.02  in  thick. 

Foil  (0.006  in). 

Bars. 

Tubes. 

TZC 

Extruding  at  27bO-3000°F,  followed 
by  forging  at  2900-3100°F,  followed 
by  hot  rolling  at  2700-2500°F. 

Firal  rolling  at  2600-2400°F.  Very 
difficult  alloy  to  form. 

Sheet  down  to  0.05  in  thick. 

(12  x  80  in). 

Bars. 

0.05  Zr 

Sheet  down  to  0.05  in  thick.  Bars. 

0.5  Zr 

Extruding  at  2800-3000°F,  followed 
by  forging  at  3100-2700°F,  followed 
by  hot  rolling  at  2600-2200°F,  and 
final  rolling  at  2200-2000°F. 

Sheet  down  to  0.04  in  thick. 

Bars. 

1.5  Nb 

Extruding  at  2800-3000°F,  followed 
by  forging  at  3100-2700°F,  followed 
by  hot  rolling  at  2600-2700°F,  and 
final  rolling  at  2000-1475°F. 

Sheet  down  to  0.05  in  thick. 

Bars. 

WZM 

Extruding  at  3200-4000°F.  Hot 
rolling  at  3100-2700°F.  Final 
rolling  at  2400-2000°F. 

Sheet  down  to  0.05  in  thick 
(8  x  20  in). 

Bars. 

30W 

Extruding  at  2700-4000°F.  Forging 
at  2200-2700°F. 

Bars. 

SOW 

i _ 

Extruding  at  3100-4000°F.  Hot 
rolling  at  2800-2400°F.  Final 
rolling  at  2500-2300°F. 

Bars. 

*  Selected  (Bureau  of  Naval  Weapons)  for  the  sheet  Bolling  Program  of  the  OS  Department  of 
Defense.  Sintered  BTC  alloy  (Syl vania)  was  also  considered  as  a  possibility. 


!?.  4  Machining 

Same  recommendations  as  for  pure  molybdenum  metal.  Non-fragile  carbides  to  be 
used  for  preference,  with  high  cutting  speeds.  Surfaces  must  be  scrupulously 
descaled. 


%  -7,^X*r 


'  'S*i+ ■MPx.4*' 
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Alliage 

Fabricabiliti 

Production 

T 2M* 

Comme  ci-dessus.  Aprds  fllage  A 
1.500-2. 200°C,  le  mltal  est  forgl 
d  1.600-1.800°  ou  mime  1.900- 
1. 950°C  (mlse  en  solution). 

Laminage  d  chaud  d  1. 550-1. 350°C. 
Laminage  final  d  1. 000-1. 100°C. 

Toute  operation  de  formage  doit  Itre 
accomplie  k  tilde  ou  1  chaud  (100  k 
550°C  suivant  1’  Ipaisseur) ,  mime 
le  cisaillage  ou  le  sciage. 

Tiles  jusqu’d  0,5  mm  d'lpaisseur. 
Peuilles  minces  (0,15  mm). 

Barres 

Tubes 

TZC 

Filage  k  1. 500-1. 650°C,  suivi  de 
forgeage  d  1.600-1. 700°C,  suivi  de 
laminage  k  chaud  a  1. 500-1. 350°C. 
Laminage  final  k  1. 450-1. 300°C. 
Alliage  trds  difficilement  formable. 

Tiles  jusqu’d  1,2  mm  d’lpaisseur. 
(300  x  2.000). 

Barres 

0, 05  Zr 

Tiles  jusqu’d  1,2  mm  d’lp.  Barres. 

0,5  Zr 

Pilage  k  1. 550-1. 650°C,  suivi  de 
forgeage  d  1.700-1. 500°C,  suivi  de 
laminage  d  chaud  a  1.430-1. 200°C. 
Laminage  final  d  1. 200-1. 100°C. 

Tli.c'.  jusqu’ d  1  mm  d’  Ipais^eur. 

E>  ares 

1,  b  Nb 

Pilage  d  1. 550-1. 650°C,  suivi  de 
forgeage  d  1.700-1.  500°C,  suivi  de 
laminage  a  chaud  a  1. 400-1. 300°C. 
Laminage  final  d  1. 100-800°C. 

Tiles  jusqu' d  1,2  ram  d’lpaisseur. 
Barres 

WZM 

Pilage  d  1. 760-2. 200°C.  Laminage 
a  chaud  d  1. 700-1. 500°C.  Laminage 
final  d  1.300-1. 100°C. 

Tiles  jusqu’d  1,2  mm  d’ Ip. 

(200  x  500) 

Barres 

SOW 

Pilage  d  1.5C0-1. 900-2. 200°C. 
Forgeage  d  1.200-J.300°C. 

Barres 

50W 

Filage  d  1. 700-2. 200°C.  Laminage 
d  chaud  d  1. 550-1. 300°C.  Laminage 
final  d  1.400-1. 250°C. 

Barres 

*  Selectionne  (Bureau  of  Naval  Weapons)  pour  le  Sheet  Rolling  Program  du  Department  of  Defense. 
L’alliage  MTC  fritte  (Sylvania)  a  ete  considere'  egalement  comme  candidat. 


9.4  lisinage 

Mltoes  recommandations  que  pour  le  molybdlne  non  allil.  Utlllser  de  prlflrence  des 
carbures  non  fragiles,  avec  grande  vitesse  de  coupe.  Les  surfaces  doivent  Itre 
soigneusement  dlcalaminl 


hliWlWhAH 


CHAPTER  IV  -  TUNGSTEN  AND  TUNGSTEN  ALLOYS 

1.  PHYSICAL  PROPERTIES  OF  TUNGSTEN  METAL 

1.1  Atomic  Number:  74  Atomic  weight  :  183.92  Group  VI  A. 

1. 2  Crystal  Structure 

Body-centred  cubic  (no  transformation  point)  lattice  constant  :  3. ‘58  1  at  R.T. ; 
atomic  diameter  :  2.82  A. 

1.3  Density 
0.697  lb/ in3.- 

1.4  Melting  Point 
6170°F. 

1.5  Vapour  Pressure 


Temperature  (°F) 

4000 

4 600 

5800 

0420 

7140 

0040 

9180 

10710 

mmHg 

4  x  10-8 

4  x  10"6 

1  x  10"2 

1  x  10"1 

n 

10 

100 

760 

>  .*Aw»*'  '■'-vests*''-?*  r_-^2SS*a«PSS@f 
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CHAPITRE  IV  -  TUNGSTENE  ET  ALL2A6ES  DE  TUNGSTENE 

1.  PROPRIETES  PHYSIQUES  DU  TUNGSTENE  NON  ALLIE 

1. 1  Numlro  Atomique:  74  Masse  atomique  :  183, 92  Group  VI  A, 

1.2  Structure  Cristalline 

Cubique  centra  (pas  de  point  de  transformation)  rdseau  :  3, 158  A  k  20°  -  diam-Hre 
atomique  :  2,82  A. 

1. 3  Density 

19,3  g/cm3, 

1.4  Temperature  de  Fusion 
3.410°C., 

1.5  Tension  de  Vapeur 


Temperature  (°C) 

2.200 

2.500 

3.200 

3.550 

3.950 

4.4  50 

5 .080 

5.930 

mmHg 

4  x  10'8 

4  x  10"s 

1  x  10‘2 

1  x  10"1 

1 

10 

100 

760 

1.6  Chaleur  Specif ique 


Temperature  (°C) 

20 

1.000 

2.000 

Cbaleur  specif iquR  (cal/g  nC) 

0,032 

0,039 

0, 047 

1.7  Conductibilite  Tbermique 


Tempirature  (°C) 

20 

1.330 

2.000 

Conduct ibil it e  tbermique  (cai/cm  s  °C) 

0,31 

0,27 

0. 24 

i 

i 

i 

| 

i 


5 

* 

i 

$ 
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1. 8  Thermal  Expansion 


Temperature  (°F) 

70 

1800 

3600 

microinch/in  °F 

2.47 

2.88 

4.04 

1.9  Electrical  Resistivity 


Temperature  (°F) 

70 

1800 

3300 

mo 

5800 

microhm-cm 

5.65(a) 

30.3 

59.0 

90.4 

108.5 

(a)  average  value  -  on  as-drawn  wire  :  P  -  6.2  aicrohm-cm  at  room  temperature.' 

on  wire  annealed  at  2500°P  :  p  -  4.8  microhm-cm  at  room  temperature. 

1. 10  Absorption  Cross-Section  (Thermal  neutrons) 

19-22  barns/atom. 

1.11  Spectral  Emissivity 

Total  emissivity  in  relation  to  black  body: 


Temperature  (°F) 

1350 

2260 

31W 

mo 

5860 

Emissivity 

0.015 

0. 192 

0.259 

0.334 

0.350 

2.  MECHANICAL  PROPERTIES  OF  TUNGSTEN  METAL 
2. 1  Typical  Analyses 

The  impurity  contents  (ppm)  of  commercial  tungsten  products  are: 


Powder 

metallurgy 

Arc 

melted 

Electron 

beam 

melted 

Oxygen 

5-50 

5-20 

5-20 

Nitrogen 

5-50 

1-10 

1-10 

Hydrogen 

0-2 

0-2 

0-2 

Carbon 

5-200 

5-30 

5-20 

(Continued) 
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1.8  Coefficient  de  Dilatation  Lindaire 


Tempirature  (°C) 

- , 

20 

1 - 

1.000 

2/000 

a  x  10 6  moyen  de  20°  4  la 
temperature  consideree/°C 

4,44 

5, 19 

7,26 

1.9  Resistivity  Electrique 


Tempirature  (°C) 

20 

1.000 

1.800 

2.700 

3.200 

Resistivity 

(microhms-cm) 

5,65(a) 

30,3 

59,0 

90,4 

108,5 

(a)  Valeui  moyenne  -  Sur  fil  brut  d*  etirage  :  p  20°  =  6,2  microhms-cm. 

Sur  fil  recuit  a  1.370°  :  p  20°  =  4,8  microhms-cm. 

1.10  Section  de  Capture  (Neutrons  Therniques) 

19-22  barns/atome. 

1. 11  Coefficient  d*  Emissivite 

Emissivite  totale  par  rapport  au  corps  noir: 


Tempirature  (°C) 

730 

1.230 

1.730 

2.730 

3.230 

Emissivite 

0,105 

0,192 

0,259 

0,334 

0,350 

2.  CAR ACTERISTI DDES  MECANIQUES  DC  TUNGSTENE 
2.1  Analyses  Courantes 

Les  teneurs  en  impuretes  des  demi-produits  commerciaux  en  tungst£ne  sont  (en  ppm): 


Mitallurgie 
des  poudres 

Fusion  a 
I’arc 

Fusion  par 
bombardement 
electronique 

Oxyg^ne 

5-50 

5-20 

5-20 

Azote 

5-50 

1-10 

1-10 

Hydrogene 

0-2 

0-2 

0-2 

Carbone 

_ 

5-200 

5-30 

5-20 

(Voir  page  suivante) 


I 


Iron 

Nickel 

Molybdenum 

Silicon 

Aluminium 

Chromium 


Powder 
metal lurgy 

Arc 

melted 

Electron 
beam 
me  Ited 

10-100 

10-50 

10-20 

5-50 

1-5 

1-5 

20-100 

10-50 

- 

5-50 

5-30 

2-10 

5-40 

1-10 

1-10 

5-40 

Dopes  are  quite  frequently  added  during  the  preparation  of  the  powder,  mainly 
to  improve  certain  physical  properties  (e.g.,  for  wire). 

They  consist  principally  of  alkaline  silicates  (the  greater  part  of  which  evaporates 
during  sintering)  or  compounds  of  aluminium  (oxide),  or  Na20,  K20  or  Si02. 

2. 2  Tensile  Properties  at  High  Temperatures 
(Mean  values) 

The  characteristics  vary  considerably  with  forming  conditions  and  the  degree  of 
working. 


70°F 

2000°F 

2200°F 

2U00°F 

3000°F 

State(& 

) 

YS 

UTS 

El. 

YS 

UTS 

El. 

UIS 

ms 

YS 

UTS 

(kp 

n) 

(%) 

(h 

>si) 

(%) 

(kpsi) 

(kpsi) 

(kp 

si) 

P-P-D 

160 

50 

40 

T-F  cold-worked 

280 

93 

78 

T-F-D  or  T- 

C-D 

200 

203 

0-3 

57 

72 

6 

14 

21 

T-F-R 

80 

85 

0 

14 

35 

50 

18 

B-F-D 

85- 

0-1 

58 

14 

25 

200 

B-F-R 

13 

34 

50 

Annealed  wire 

85- 

0 

145 

Drawn 

40 

280 

3 

wire. 

8 

350 

2 

dia. 

4 

430 

2 

100 

70 

40 

(mils) 

.  0-4 

600 

1 

mo°F 


(a)  P  =  plate 

T  =  sheet  (less  than  0.2  in  thick) 
B  =  forged  or  swaged  bar 


C  =  arc  melted 
P  =  powder 
metallurgy 


D  =  stress-relieved 
R  =  recrystallized 
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MStallurgie 
des  poudres 

Fusion  b 
Varc 

Fusion  par 
bonbardenent 
ilectronique 

Per 

10-100 

10-50 

10-20 

Nickel 

5-50 

1-5 

1-5 

Molybd£ne 

20-100 

10-50 

- 

Silicium 

5-50 

5-30 

2-10 

Aluminium 

5-40 

1-10 

1-10 

Chrome 

5-40 

- 

- 

Des  dops  sont  assez  souvent  ajout^s  a>i  cours  de  la  preparation  de  la  poudre, 
principalement  dans  le  but  d’  ameiiorer  oertaines  proprietes  physiques  (cas  des  fils). 

Ils  consistent  principalement  en  silicates  alcalins  (dont  la  plus  grande  partie 
s’ evapore  au  cours  du  frittage)  ou  en  composes  d*  aluminium  (oxyde),  ou  Na20,  K20,  Si02. 

2.2  Caracteristiques  Mecaniques  en  Traction  &  Haute  Temperature 
(Valeurs  moyennes) 

Les  caracteristiques  varient  considerablement  avec  les  conditions  de  transformation 
et  les  degres  de  corroyage  et  d’ ecrouissage : 


20°C 

1.090°C 

1. 200° C 

1.320°C 

1.650°C 

2. 200°  C 

Etatw 

LE 

R 

A 

LE 

R 

A 

R 

R 

LE 

R 

A 

LE 

R 

A 

(kg/ 

mmi) 

(%) 

(kg/ 

m2) 

(%) 

(kg/ mm2) 

(kg/ mm2) 

(kg/ 

mm*) 

(%) 

(kg/ 

run.2) 

(%) 

P-P-D 

112 

35 

28 

T-P  ecroui 

200 

65 

55 

T-P-D  ou  T-C-D 

140 

142 

CO 

1 

o 

40 

50 

6 

10 

15 

30 

5 

8 

16 

T-F-R 

56 

60 

0 

10 

25 

50 

13 

50 

B-P-D 

60- 

0-1 

41 

14 

18 

140 

B-P-R 

9 

24 

50 

Pil  recuit 

60- 

0 

100 

1 

200 

3 

rli 

£tir^  < 

0.2 

250 

2 

0.1 

300 

2 

70 

50 

28 

0  (mm) 

0,01 

420 

1 

(a)  P  =  tfiles  epaisses  C  =  coule  a  1'  arc  D  =  recuit  de  detente 

T  =  tdles  (ep.  ^  5  mm)  F  =  me'tallurgie  des  R  =  recristallise 

B  =  barres  forge'es  poudres 
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2.3  Ductile-to-Brittle  Transition 

The  ductile-to-brittle  transition  temperature  is  distinctly  higher  than  normal 
room  temperature. 

Figure  1  shows  the  general  position  of  tungsten  as  compared  with  the  other 
refractory  metals. 

The  transition  temperature  is  greatly  dependent  on: 

the  content  of  impurities,  especially  interstitials; 

the  fabrication  process  and  all  factors  (working  temperature,  degree  of 
reduction)  coming  into  play  in  the  course  of  fabrication; 

the  final  state  (stress-relieved,  recrystallized),  structure,  grain  size, 
surface  condition; 

the  kind  of  stress  applied  (tensile,  bending,  impact),  speed  of  testing,  type 
of  test  (notched  or  unnotched). 


State ^ 


B-F-D 

B-F-R 

T-C-D 

T-F-D 

T-F-R 


Ductile-to-brit 

tie  transition  temperature  (°F) 

(mean  values) 

Tensile,  unnotched 

Tensile,  notched 

Bending 

(reduction  of  area) 

(reduction  of  area) 

+400 

+930 

+750 
+  570 

+1470 

+360  to  +750 (b) 

+400 

+570  to  +930 

- 

(a)  T  =  sheet  (less  than  0.2  in  thick) 
B  =  forged  or  swaged  bar 

(b)  varies  according  to  producer. 


C  =  arc  melted 
F  =  powder 
metallurgy 


D  =  stress -relieved 
R  =  recrystallized 


For  sintered  metal,  the  less  the  thickness,  the  greater  the  degree  of  reduction 
and  the  lower  the  annealing  temperature,  the  lower  the  transition  temperature 
becomes: 


transition  temperature  in  bend  test 


recrystallized  .  +  750°F 

thin  sheet 

high  amount  of  working  +  250°F 
percentage  .  to 

low  stress-relief  +  100°F 

temperature 
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2.3  Transition  Ductile-Fragile 

La  temperature  de  transition  ductile-fragile  se  situe  nettement  au-dessus  de  la 
temperature  ambiante. 

La  Figure  1  donne  la  position  gdndrale  du  tungst^ne  par  rapport  aux  aiftres  metaux 
refractaires. 

La  temperature  de  transition  depend  fortement: 

de  1 1  teneur  en  impuretes,  particulidrement  interstitielles; 

du  mode  de  transformation  et  de  tous  les  facteurs  (temperatures  de  travail  - 
degrd  de  reduction)  ayant  joue  au  cours  de  cette  transformation; 

de  r etat  final  (restaure  -  recristallisd) ,  de  la  structure,  de  la  grosseur  du 
grain,  de  1’  etat  de  surface; 

du  mode  de sollicitation  (traction,  pliage,  impact),  de  la  vitesse  d’essai,  du 
type  d’essai  (entailie  ou  non). 


Etatw 

Temperature  de  transition  ductile-fragile  (°C) 
(valeurs  moyennes) 

Traction  lisse 
(striction) 

Traction  entaillie 
(striction) 

Pliage 

B-F-D 

+200 

+500 

B-F-R 

+400 

+800 

T-C-D 

+300 

T-F-D 

+200 

+180  k  +390(b) 

T-F-R 

+300  a  +500 

(a)  T  =  toles  (ep.  $  5  mm)  C  =  coule  a  1’  arc  D  =  recuit  de  detente 

B  =  barres  forgees  F  =  metallurgle  R  =  recristallise 

des  poudres 

(b)  Varie  avec  le  producteur. 


Pour  le  fritte,  la  temperature  de  transition  est  d’autant  plus  basse  que: 

1’  dpaisseur  diminue,  le  degrd  de  reduction  augmente,  la  temperature  de  restauration 
est  plus  basse: 


r 


tempdrature  de  transition  en  pliage 


recristallisd  .  +  400°C 

faible  dpaisseur 
fort  corroyage,  +  120°C  a 

faible  tempdrature  +  40°C 

de  restauration 


*4 
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The  Influence  of  the  amount  of  working  (on  recrystallized  metal)  in  bending 
test  on  sheet  annealed  for  1  hour  at  1800°F: 


Percentage  of  reduction 

40 

60 

80 

96 

Transition  temperature  (°F) 

+580 

+500 

+400 

+250 

The  influence  of  the  temperature  of  the  final  stress-relief  treatment  in  bend 
test  on  sheet  is  as  follows:: 


- 1 

Stress-relief  temperature  (°F) 
(Ih) 

1700 

1800 

1880 

2000 

2100 

2200 

2400 

2600 

Transition 
temperature  . 
(°F) 

sintered 
arc  melted 
arc  melted ^ 

+340 

+250 
+400  to 

+570 

+320 

m 

+400 

Bps 

1 

+680 

+850 

fa)  hot  rolled  under  inert  atmosphere  in  IN  FAB  plant.- 


Surface  condition  also  has  a  noteworthy  effect  (variation  +  180°F).: 

On  sintered  metal  wire,  of  0.03  in  diameter,  with  high  cold-work  percentage, 
the  influence  of  stress-relief  treatment  is  as  follows: 


!  Stress-relief  temperature  (°F) 
(10  min) 

nil 

1475 

1925 

2200 

2560 

Transition  temperature  (°F) 

-5 

+15 

+60 

+90 

+120 

2. 4  Hardness 

Tungsten  is  one  of  the  hardest  metals. 

The  greater  the  cold-working  percentage,  the  thinner  the  piece,  an-'  the  lower 
the  stress-relief  temperature,  the  harder  is  the  metal.  On  sintered  metal  sheet, 
the  Vickers  number  varies,  on  an  average,  from  350  (recrystallized  metal)  to  500 
(thin  metal  with  high  cold-work  percentage,  not  stress-relieved). 

At  high  temperatures,  the  Vickers  number  varies  as  follows  (recrystallized  metal): 


Temperature  (°F) 

70 

1800 

2900 

3300 

Vickers  number 

350 

80 

50 

40 

.  s,  e*'*~M*r  WKCW18PWWM6**  '^J9^®!8SSSkl?S^7^5 


•-_;  s«ttr  «*K»J*Mc4MS»  =a_v 
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L’  influence  du  degrd  de  corroyage  (corroyage  sur  mdtal  recristallisd)  est  la 
suivante,  en  pliage  sur  idle  4  1’  dtat  restaurd  lh  k  980°C: 


D°  de  reduction  (%) 

4  0 

60 

80 

96 

T°  de  transition  (°C) 

+310 

+260 

+200 

+120 

L* influence  de  la  temperature  du  traitement  final  de  restauration  est  la  suivante, 
sur  tdle,  en  essai  de  pliage: 


T°  de  restauration  (°C) 
(lh) 

930 

980 

1.030 

1.090 

1.150 

1.200 

1.320 

1.630 

T°  de 

transition 

(°C) 

frittd 
fondu  arc 
fondu  arc^ 

+170 

+160 

+205 

+360 

+450 

(a)  Lamine  a  haute  temperature  sous  atmosphere  neutre  dans  1’  atelier  IN  FAB. 


L’  dtat  de  surface  a  dgalement  une  influence  notable  (variation  de  +  ou  -  100°C). 

Sur  fils  en  mdtal  frittd,  de  0, 8  mm  de  diam&tre,  fortement  corroyd,  1’  influence 
du  traitement  de  restauration  est  la  suivante: 


T°  de  restauration  (°C) 
(10  min) 

nSant 

800 

1.050 

1.200 

1.600 

T°  de  transition  (°C) 

-20 

-10 

+15 

+30 

+50 

2. 4  Durete 

Le  tungstdne  est  un  des  iadtaur  ayant  les  duretds  les  plus  dlevdes. 

Cette  duretd  est  d’autant  plus  dle^de  que  1*  dpaisseur  diminue,  le  degrd 
d’  dcrouissage  augmente,  ou  que  la  tempdrature  de  restauration  est  plus  basse.  Sur 
tfile  de  mdtal  frittd,  la  duretd  varie  en  moyenne  de  350  Vickers  (mdtal  recristallisd) 
k  500  Vickers  (mdtal  fortement  dcroui  et  de  faible  dpaisseur,  non  restaurd). 

La  duretd  Vickers  &  chaud  varie  comme  suit  (mdtal  recristallisd): 


Temperature  (°C) 

20 

1.000 

1.600 

1.800 

Duretd  Vickers 

350 

80 

50 

40 

2. 5  Young*  s  Modulus 

On  sintered  and  stress-relieved  metal  sheet  (mean  values) 


Temperature  (°F) 

70 

2000 

2400 

3200 

4000 

mo 

E  (106  psi) 

50 

33 

27 

25 

20 

li 

2.6  Fatigue  Strength 

In  alternative  bending  test  on  sintered  metal  sheet  (thickness:  0.02  in)  the 
fatigue  limit  at  70°F,  108  cycles,  is  100,000  psi. 

2.7  Creep  Properties 

2. 7.1  Stress  Rupture  Data 


State^*) 


lh  lOh  lOOh 


30 
30  25 


Stress  (kpsi) 


F 

lh-\10h\100h 


m°F  mo°F 
hlh  lh 


21  15  11 
23  20 


Cold-worked  wire I 


(a)  B  =  forged  bars 


P  =  powder  metallurgy 


D  =  stress-relieved 
R  =  recrystallized 


2. 7. 2  Creep  Stress 

The  results  published  so  far  are  too  few  to  be  regarded  as  valid. 


2.8  Effect  of  Impurities 

Hydrogen  has  no  appreciable  effect. 

Carbon  up  to  0.3%  does  not  appear  to  affect  formability  or  to  influence 
recrystallization  temperature.  Heat  treatment  effects  seem  to  be  obtainable  with 
this  element  (see  Section  3.1.1. 1). 

On  the  other  hand,  it  is  essential  to  keep  oxygen  and  nitrogen  impurities  down 
as  low  as  possible.  On  sintered  metal,  the  following  values  have  been  obtained: 


02  (ppm) 


Temperature  (°F)  at  which 
ductile  fracture  appears 


10 

30 

50 

650 

850 

1025 

179 


2. 5  Module  d’  Elasticity  Statique  en  Traction 

Sur  tfiles  en  metul  fritte  restaurd  (valeurs  moyennes): 


Temperature  (°C) 

20 

1.090 

1.320 

1.750 

2.200 

2.650 

E  (kg/mm2) 

35.000 

23.000 

19.000 

18.000 

14. 000 

8.000 

2.6  Resistance  k  la  Fatigue 

En  flexion  altera^e  sur  tfile  (dpaisseur  =  0, 5  mm)  de  metal  fritte,  la  limite  de 
fatigue  &20°C  &  108  altemancds  est  70  kg/mmz. 

2.7  Resistance  au  Fluage 
2.  7. 1  Rupture  DiffSree 


Contraintes  (kg/mm2) 


Etat<a> 


B-F-D 
B-F-R 
T-F-D 
Fil  dcroui 


2.m°C  2.600°C 
lh  lh 


21 

21  16 


5 

CO 

CO 

(a)  B  =  barres  for gees 
2. 7. 2  Fluage 


F  =  metallurgie  des  poudres 
R  =  recristallise 


D  =  recuit  de  detente 


Le  nombre  de  resultats  publies  jusqu’  ici  est  trop  faible  pour  qu’  on  puisse  les 
considdrer  comme  valables. 

2.8  Influence  des  Impurete's 

L’ hydrogene  n’ a  pas  d'effet  sensible. 

\ 

Le  carbone,  jusqu’ 4  0,3%,  ne  semble  pas  affectcr  la  fabricabilite  et  influer  sur  la 
temperature  de  recristallisation.  Des  effets  de  traitement  thermique  semblent  pouvoir 
£tre  obtenus  avec  cet  element  (voir  Section  3. 1.1.1). 

II  est,  par  contre,  essentiel  de  tenir  les  impuretes  oxyg^ne  et  azote  au  plus  bas 
niveau.  Sur  metal  fritte,  on  a  les  valeurs  suivantes: 


02  (ppm) 

4 

10 

30 

50 

Temperature  d’  apparition  de 
la  rupture  ductile  (°C) 

+230 

+345 

+450 

t550 

Relatively  high  oxygen  contents  reduce  strength  and  ductility  (segregation  at  the 
grain  boundaries) . 

Additions  of  rare  earths  or  of  yttrium,  which  might  have  the  effect  of  capturing 
interstitials,  as  they  do  with  molybdenum,  have  no  marked  effect,  probably  owing  to 
vaporization  at  the  time  of  melting. 

Metal  refined  by  zone  melting  has  given  transition  temperatures  of  +  140°F  in  the 
polycrystalline  state  and  -  200°F  on  single  crystals. 

2.9  Cold-Working  -  Stress-Relief  -  Recrystalllzation 

2.9.1  Cold-Working 

Tungsten  cannot  be  ccld-worked  at  room  temperature  except  for  very  fine  wire 
which  has  previously  been  heavily  hot -worked. 

2.9.2  Stress-Relief 

Stress-relief  treatment  produces  a  relaxation  of  the  hot -worked  metal  but, 
beyond  a  certain  limit  of  temperature  or  time,  the  ductile-to-brittle  transition 
temperature  is  raised  (see  Section  2.3). 

The  usual  stress-relief  treatments  are: 

for  sheet  ....  5  min  at  2000°F  or  lh  at  1700°F 
for  bars  .  lh  at  1800-2200°F. 

2.9.3  Recrystallization 

The  usual  recrystallization  temperature  for  bars  (sintered  metal)  is  lh/2900-3500°F. 
Arc-melted  metal  generally  recrystallizes  at  lower  temperatures.  The  greater  the 
total  amount  of  hot-working,  the  lower  the  recrystallization  temperature.  For 
instance,  on  arc-melted  metal  sheet: 


Percentage  of  reduction 

W 

60 

80 

90-99 

Recrystallization  temperature  (lh)  (°F) 

2640 

2600 

2440 

2400 

The  use  of  dope  increases  the  recrystalllzation  temperature  and  may  bring  it  up 
to  more  than  3700°F. 

Recrystallization  produces  almost  general  brittleness.  Yet  high-temperature 
annealing  (3700-4800°F)  under  high  vacuum  conditions  gives  a  transition  temperature 
of  +  210°F  in  bend  test. 


En  ojitre,  des  teneurs  en  oxyg4ne  croissantes  rdduisent  4  la  fois  la  charge  de 
rupture  et  la  ductilitd  (segregation  aux  joints  des  grains). 

Des  additions  de  terres  rares  ou  d’ yttrium  qui  pourraient  avoir  un  effet  de  captage 
des  interstitiels,  comme  dans  le  cas  du  molybddne,  n’  ont  pas  d’  effet  marque, 
probablement  par  suite  de  volatilisation  au  moment  de  la  fusion. 

Sur  metal  raffine  par  fusion  de  zone,  jn  a  obtenu  des  temperatures  de  transition 
de:  +  60°C  en  pliage,  4  1* etat  polycristallin,  et  de  -  130°C  sur  monocristaux. 

2.9  Ecrouissage  -  Restauration  -  Recrlstallisation 

2.9.1  Ecrouissage 

Le  tungstone  ne  peut  Stre  ecroul  a  froid,  sauf  le  cas  de  fil  tr4s  fin,  tr4s 
fortement  corroyd  a  chaud. 

2.9.2  Restauration 

Le  traitement  de  restauration  provoque  un  adoucissement  du  metal  ecroui  4  chaud, 
mais  au  del4  d’  une  certaine  limite  de  temperature  ou  de  temps,  la  temperature  de 
transition  ductile-fragile  est  augment de  (voir  Section  2.3). 

Les  traitemrnts  habituels  de  restauration  sont: 

sur  tfiles  ....  5  min  4  1.100°C  ou  lh  a  930°C 
sur  barres  ...  lh  4  980-1. 200°C 

2.9.3  Recristallisation 

..  La  temperature  habituelle  de  recristallisation  sur  barre  (rndtal  frittd)  est 
lh/1. 600-1. 900°C.  Le  rndtal  fondu  4  l’arc  recristallise  en  general  4  plus  basse 
temperature.  La  temperature  de  recristallisation  est  d’  autant  plus  basse  que  le 
degrd  total  de  travail  4  chaud  a  4t4  plus  dlevd.  Par  exemple,  sur  tdle  de  rndtal 
fondu  4  1’  arc; 


D°  de  reduction  (%) 

40 

60 

80 

90-99 

Tempdrature  de  recristallisation  (°C)  (lh) 

1.450 

1.430 

1.340 

1.320 

La  presence  de  dop  augmente  la  temperature  de  recristallisation  et  peut  la  porter 
4  plus  de  2. 000 °C. 

La  recristallisation  am4ne  une  fragilisation  quasi  totale.  Cependant  des  recuits 
4  haute  temperature  (2.000-2.600°C)  sous  ultra-vide  donnent  une  temperature  de 
transition  de  +  100°C  en  pliage. 


3.  CORROSION  BY  GASES,  CHEMICALS  AND  LIQUID  METALS 


3. 1  Resistance  to  Oxidation 

Tungsten  rapidly  begins  to  oxidise  at  temperatures  over  1100°F,  and  at  a  slightly 
faster  rate  than  niobium  and  tantalum  up  to  2200°P  (see  Pig. 2).  BSt  the  oxide 
W03  vaporizes  from  850°P  upwards  and  melts  at  2675°P.  Yet,  because  oxygen  has  very 
little  solubility  in  the  metal,  there  is  no  contamination  and  no  subsequent 
brittleness.  The  oxidation  reactions  appear  to  operate  in  a  very  complicated 
manner.  Above  2200-2400°P,  the  oxide  evaporates  faster  than  it  forms.  Hie  loss  of 
metal  is  more  serious  than  with  molybdenum  although  there  is  no  obvious  oxide. 
Towards  the  upper  temperature  ranges,  very  complex  phenomena  occur  and  these  tend 
to  sinter  the  layer  of  oxide  and  limit  contact  between  the  oxygen  and  the  surface 
of  the  metal.  The  effect  of  the  pressure  of  the  gas  is  clearly  considerable.  It 
seems  that  in  air  at  a  pressure  of  less  than  1  mmHg  tungsten  can  be  heated  to  any 
temperature  for  from  I  to  2  hours  without  damage. 


3. 2  Resistance  to  Chemicals 

H2  compatible  at  all  temperatures. 

N2  :  no  reaction  up  to  at  least  2200°P. 

C02  :  compatible  up  to  about  925°F. 

NH3  :  no  apparent  reaction  but  brittleness  occurs  above  1800°F. 

Water  vapour  :  same  unsatisfactory  behaviour  as  in  air. 

Water  :  good  compatibility 

HP  :  slight  reaction  at  less  than  210°P. 

I 2  :  no  reaction  up  to  1475°P. 

HNOj  :  slight  reaction  at  room  temperature. 

H2S04  :  slight  reaction  with  hot  dilute  or  cold  concentrated  acid. 

3.3  Resistance  to  Liquid  Metals 

Na  good  resistance  up  to  at  least  1650°P;  but,  as  with  other  refractory 
metals,  the  presence  of  oxygen  in  the  metal  or  in  the  tungsten  is 
K  harmful. 

Bi  :  no  apparent  reaction  at  1800°F. 

Cs  :  very  good  resistance  up  to  1800°F. 

Li  :  good  at  1500°P;  limited  resistance  at  1800°F  (progressively  dissolves). 

Mass  transfer  with  iron. 

Pb  :  no  appreciable  reaction  up  to  boiling  point  (3160°P).- 

Sn  :  extremely  little  corrosion  at  1800°p.  But  considerable  mass  transfers  with 
Pe  or  Ni  occur  from  1475°F  upwards. 

Hg  :  no  reaction,  even  in  the  vapour  state. 
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3.  CORROSION  PAR  LGS  GAZ  ET  DIVERS  MATERIAUX 
3. 1  Resistance  &  1’  Oxydation 

Le  tungstAne  commence  i  s'  oxyder  rapidement  au-dessus  de  600°C,  avec  une  vitesse 
ldgArement  supArieure  A  celle  du  niobium  et  du  tantale  jusqu’A  1.200°C  (voir  Fig.?). 

L’ oxyde  de  W03  se  volatilise  cependant  dAs  450°C.  II  fond  A  1.470°C.  Du  fait  de  la 
trAs  faible  solubilitd  de  1*  oxygAne  dans  le  metal,  il  n’y  a  cependant  pas  de 
contamination  et  de  fragilisation  subsdquente.  Les  mdcanismes  des  reactions  d'  oxydation 
apparaissent  comme  trAs  compliquAs.  Au-dessus  de  1. 200-1. 300°C,  1’ oxyde  s’ Avapore 
plus  vite  qu’  il  ne  se  forme.  La  perte  de  mdtal  devient  plus  forte  que  dans  le  cas  du 
molybdAne,  bien  qu’ il  n’y  ait  pas  d’ oxyde  apparent.  Vers  les  hautes  temperatures,  des 
phAnomAnes  complexes  se  produisent,  tendant  4  fritter  la  couche  d’ oxyde  et  A  limiter 
1’  accAs  de  1'  oxygen e  vers  la  surface  du  metal.  L’  influence  de  la  pression  du  gaz 
apparaft  comme  trAs  importante.  Il  semble  que  dan.',  de  l’air  k  une  pression 
inferieure  A  1  mm  de  Hg,  le  tungstAne  puisse  Atre  chauffd  sans  dommage  k  toute 
temperature  pendant  1  k  2h. 

3.  2  Resistance  A  Differents  Agents  Chimiques 

H2  •  compatible  A  toutes  temperatures. 

:<2  :  aucune  reaction  jusqu’A  ru  moins  1.200°C. 

C02  :  compatible  jusqu’A  500°C  environ. 

NH3  :  aucune  attaque  apparente,  mais  fragilisation  au-dessus  de  1.000°C. 

Vapeur  d’  eau  :  m§me  mauvais  comportement  que  dans  1’  air. 

Eau  :  bonne  compatibilite. 

HF  :  lAgAre  attaque  A  moins  de  100°C. 

I  :  aucune  attaque  jusqu’  A  800°C. 

HN03  :  lAgAre  attaque  A  froid. 

H2SOh  :  lAgAre  attaque  avec  acide  dilud  chaud  ou  concentre  froid. 

3.3  Resistance  aux  MAtaux  Fondus 

Na  bonne  resistance  jusqu’  A  au  moins  900°C.  Cependant.  comme  pour  les  autres 
•  mdtaux  rdfractaires,  la  presence  d'  oxygAne  dans  le  metal  liquide  ou  dans  le 
K  tungstAne  est  trAs  ndfaste. 

Bi  :  aucune  attaque  apparente  A  1.000°c. 

Cs  :  trAs  bonne  resistance  jusqu’A  i.000oc. 

Li  :  bonne  A  820°C;  resistance  limitAe  A  1.000°C  (dissolution  progressive). 
Transfert  de  masse  avec  le  fer. 

Pb  :  aucune  attaque  appreciable  jusqu’A  1’ ebullition  (1.740°C). 

Sn  :  corrosion  extrdmement  faible  A  1.000°C.  Il  y  a  cependant  des  transferts  de 
masse  notables  avec  Fe  ou  Ni  dAs  800°C. 

Hg  :  aucune  attaque,  m£me  A  1’  etat  vapeur. 
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3.4  Compatibility  with  Refractory  Materials 

On  contact  with  graphite  or  carbides,  tungsten  absorbs  C  and  various  eutectics 
are  formed  which  melt  at  4600-5000°F. 

Tungsten  reacts  with  most  refractory  oxides  above  1500-2000°C  -  zirconia  is  one 
of  the  most  resistant. 


4.  FABRICATION 

4. 1  Welding 

Joints  welded  by  TIG  melting  are  very  brittle  and  have  a  transition  temperature 
of  1100°F  or  more.  Tendency  to  cracking  may  cause  trouble. 

Electron  beam  welding  produces  little  improvement  (90°  bend  transition 
temperature:  base  metal:  +  600°F;  electron  beam  welded  +  1075°F).  Welded  areas  can 
nevertheless  stand  a  certain  amount  of  deformation,  provided  it  is  done  red  hot. 
Unsuccessful  attempts  have  been  made  to  reduce  the  brittleness  of  the  welds  by  using 
the  alloy  MTC  or  Mo-Re  alloys  as  filler  metal. 

On  sintered  metal,  the  welds  are  generally  porous. 

Spot  welding  may  provide  a  solution  in  certain  cases. 

Ultrasonic  welding  has  given  irregular  results  (cracks)  and  necessitates  very 
high  power  working.  Yet  this  process  is  still  being  given  very  attentive 
consideration. 

4. 2  Forming 

On  sintered  metal,  the  first  deformation  may  be  obtained  by  forging  at 
2700-3300°F  or  rolling  at  2400-2700°F.  Cast  metal  must  first  be  extruded  at 
3000-3800°f  before  undergoing  subsequent  treatment  by  forging,  swaging  or  rolling 
at  decreasing  temperatures  (from  2400-1800°)  as  the  degree  of  working  increases. 

Foil  may  be  cold-rolled  to  a  limited  extent  on  a  Sendzimir  rolling  mill. 

The  Sheet  Rolling  Program  of  the  Department  of  Defense  includes  the  production 
of  sheet  measuring  18  x  48  x  0. 06  in  and,  later,  36  x  96  x  0.6  ins  from  sintered 
plate  (direct  rolling),  cast  ingots  (extrusion  +  forging  +  rolling)  or  from  thick 
plates  (flow-turning). 

Mention  should  be  made  of  the  claims  for  the  direct  production  of  shapes  by 
plasma-arc  projection  of  powder,  with  or  without  subsequent  sintering  (at  2700- 
3600°F  -  with  or  without  infiltration  of  nickel)  and  forging. 

The  usual  dimensions  for  sheet  are  20  x  60  in.  Sheet  40  in  wide  and  down  to 
0.05  in  thick  (with  a  ductile-to-brittle  transition  temperature  of  +  490°F)  was 
produced  for  the  first  time  in  Europe. 


3.4  Coapatibiliid  avec  les  Materiaux  Rdfractaires 

Au  contact  avec  le  graphite  ou  les  carbures,  C  est  absorbd  par  le  tungstAne,  et  il 
se  forme  des  eutectiques  divers  fondant  A  2.500-2.750°C. 

Le  tungstAne  rdagit  avec  pratiquement  tous  les  oxides  rdfractaires  au-dessus  de 
1. 500-2. 000°C.  La  zircone  est  1* un  des  oxydes  les  plus  rdsistants. 


4.  MISE  EN  OEUVRE 

cf 

4. 1  Soudage 

Les  joints  souc(d§  par  fusion  TIG  sont  trAs  fragiles  et  ont  une  tempdrature  de 
transition  de  600°C  ou  plus.  La  criquabilitd  n’  est  pas  un  ddfaut  majeur. 

Le  soudage  par  bombardement  dlectronique  apporte  peu  d’  amdlioration  (tempdrature 
de  transition  en  pliage  A  90°:  non  soudd  =  +  320°C  -  soudd  par  bombardement 
dlectronique  =  +  580°C).  Les  zones  souddes  peuvent  cependant  subir  un  certain  degrd 
de  ddformation,  A  condition  d’  opArer  au  rouge.  On  a  essayd  sans  succAs  de  rdduire 
la  fragilitd  des  soudures  en  utilisant  1’  alii age  MTC  ou  des  alliages  Mo-Re  comme 
mdtal  d'  apport. 

Sur  mdtal  frittd,  les  soudures  sont  en  gdndral  poreuses. 

Le  soudage  par  point  peut  procurer  une  solution  dans  certains  cas. 

Lc  soudage  par  ultra-sons  a  donnd  des  rdsultats  irrdguliers  (criques)  et 
ndcessite  de  trAs  fortes  puissances.  Ce  procddd  continue  cependant  A  dtre  considdrd 
avec  la  plus  grande  attention. 

4.2  Transformation  -  Mise  en  Forme 

Sur  mdtal  frittd,  la  ddformation  initiale  peut  dtre  pratiqude  par  forgeage  A  1.500- 
1 . 800°C  ou  laminage  A  1. 300-1. 500°C.  Le  mdtal  could  doit  tout  d’ abord  dtre  fild  A 
1.650-2. 100°C  avant  de  subir  la  transformation  ultdrieure  qui  s’opAre  par  forgeage, 
swaging  ou  laminage  A  tempdratures  ddcroissantes  (de  1.300  A  1.000°C)  au  fur  et  A 
mesure  de  1* augmentation  du  degrd  de  corroyage.  Les  t61es  trAs  minces  peuvent  subir 
un  degrd  limitd  de  laminage  A  froid  sur  laminoir  Sendzimir. 

Le  Sleet  Rolling  Program  du  Department  of  Defeuse  porte  sur  la  rdalisation  de 
tdles  de  450  x  1.200  x  1,5  mm,  puis  900  x  2.400  x  1,5  mm,  en  partant  soit  de  plaques 
frittdes  (laminage  direct),  soit  de  lingots  coulds  (filage  +  forgeage  +  laminage), 
soit  de  plateaux  divers  (fluotournage). 

A  signaler  la  rdalisation  directe  de  piAces  de  forme  par  projection  de  poudre 
au  plasma-arc,  suivie  ou  non  de  frittage  (A  1. 500-2. 000°C  -  avec  ou  non  infiltration 
de  nickel)  et  forgeage. 

Les  dimensions  courantes  de  t61es  sont  500  x  1.500  mm.  Des  tdles  de  1.000  mm  de 
large,  jusqu’A  1,25  mm  d*  dpaisseur  (ayant  une  tempdrature  de  transition  ductile- 
fragile  de  +  250°C)  ont  dtd  rdalisdes  pour  la  premiAre  fois  en  Europe. 


Forming  and  cutting  operations  must  necessarily  be  done  at  high  temperatures 
(generally  red  hot:  1450-1800°F)  except  for  very  thin  sheet  or  wire,  which  may  be 
submitted  to  a  certain  amount  of  bending  at  room  temperature.  Flow  turning  is  an 
interesting  method  of  deformation  (at  575-1450°F).  It  has  also  been  recognised 
that  the  deformation  of  tungsten  is  possible  under  very  high  hydrostatic  pressure. 

4. 3  Machining 

Machining  is  very  difficult.  The  life  of  tools  (special  carbides)  is  extremely 
limited  when  used  on  sintered  metal  at  maximum  density  or  on  hot-worked  metal. 

Tool  performances  are  improved  by  working  hot  (750-l200°F),  The  machinability  of 
sintered  metal  is  improved  if  the  metal  is  not  completely  densified.  For  certain 
applications  (rocket  nozzles)  a  density  of  90%  may  be  taken  as  a  good  compromise 
between  mechanical  strength  and  machinability. 

Electrolytic,  chemical  or  "spark”  methods  of  machining  may  be  useful  in  certain 
cases. 

5.  TUNGSTEN  ALLOYS 
3. 1  General 

The  development  of  tungsten  alloys  is  still  very  limited.  This  is  chiefly  due 
to  difficulties  in  the  preparation  and  fabrication  of  such  alloys.  The  fields  most 
actively  studied  are: 

improvement  of  mechanical  properties  at  high  temperatures; 

improvement  of  ductility  at  low  temperatures  (lowering  of  transition 
temperature) ; 

improvement  of  machinability  (hea/y  alloys); 

improvement  of  certain  properties:  e.g.  alloys  for  welding  electrodes  or 
electrical  contacts  (heavy  duty  alloys)  or  for  nozzles  (infiltrated  alloys). 

For  the  last  two,  the  alloys  are  used  as  sintered. 

In  the  case  of  wrought  alloys,  only  W-Th02  alloys  (0.5  -  2%)  are  marketed. 


5.2  Improvement  of  Mechanical  Properties  of  Wrought  Alloys 
at  High  Temperatures 

Apart  from  the  advantage  to  be  gained  from  strengthening  by  hot  working  moderated 
by  stress-relief,  the  two  traditional  means  of  strengthening  (solid  solution  and 
dispersion)  have  been  explored: 

5.2.1  Solid  Solution  Strengthening 

Owing  to  the  complete  solid  solution  of  tungsten  with  the  other  three  refractory 
metals,  Mo,  Ta  and  Nb,  and  with  V,  simple  or  complex  combinations  with  these  four 
metals  have  been  extensively  studied. 


Les  operations  de  raise  en  forme  ou  de  d^coupace  doivent  €tre  obligatoirement 

effectudes  &  haute  temperature  (en  prinoipe  au  rouge:  800-1. 000°C),  sau?  le  cas  de 

tfiles  ou  fils  tr&s  minces  qui  peuvent  subir  un  pliage  limite  a  20°C.  Le  fluotournage 

est  une  operation  de  deformation  interessante  (a  300-800°C).  II  a  ete  egaleraent  reconnu 

que  le  deformation  du  tungstens  a  20°C  otait  possible  sous  pression  hydrostatique  eievde. 
6 

4. 3  Usinage 

L’usinage  est  trfes  difficile.  La  vie  des  outils  (carbures  speciaux)  est  extrSmement 
limitee  sur  metal  fritte  a  la  densite  maximum  ou  sur  metal  transforme.  Les  performances 
des  outils  sont  ameiiorees  en  travaillant  a  chaud  (400-600°C).  L’ usinabilite  sur  metal 
fritte  est  amelioree  si  le  metal  n’  est  pas  compieteaent  densifie,  Pour  certaines 
applications  (col  de  tuyere),  une  densite  de  90%  peut  §tre  un  bon  corapromis  entre 
resistance  mecanique  et  usinabilite. 

Les  methodes  d’  usinage  eioctrolytique,  chimique  ou  par  etincelage,  peuvent  Stre 
utiles  dans  certains  cas. 

5.  ALLI AGES  DE  TUNGSTENE 

5. 1  Generality 

Le  developpement  des  alliages  de  tungst&ie  est  actuellement  encore  tr£s  limite. 

Ceci  est  dtf  principalement  aux  difficultds  de  preparation  et  de  transformation  de  ces 
alliages.  Les  domaines  Its  plus  activement  etudids  sont: 

amelioration  des  caracteristiquss  mdcaniques  &  haute  temperature; 

amelioration  de  la  ductilite  4  basse  temperature  (abaissement  de  la  temperature 
de  transition); 

amelioration  de  1’ usinabilite  (heavy  alloys); 

amelioration  de  certaines  propridtes:  alliages  pour  electrodes  de  soudage  ou 
contacts  dlestriques  (heavy  duty  alloys)  ou  pour  tuyeres  (alliages  inf litres). 

II  s’ agit  pour  les  deux  derniers  cas  d' alliages  utilises  A  retat  simplement  fritte. 

Dans  le  cas  de  alliages  transformes,  seuls  les  alliages  W-IbO,,  (0,5  -  2%)  sont 
commercialises. 

5.2  Amelioration  des  Caracteristiques  a  Temperature  Elevee 

Independamment  de  1’  intdrdt  de  beneficier  du  durcissement  par  ecrouissage  (k  chaud) 
modere  par  traitement  de  detente,  les  deux  voies  classiques  de  durcissement  sont 
explores: 

5.2.1  Durcissement  par  Solution  Solide 

Du  fait  de  la  solution  solide  complete  avec  les  trois  autres  metaux  refractaires, 

Mo,  Ta,  Nb,  et  avec  V,  les  combinaisons  simples  ou  complexes  avec  ces  quatre  metaux  ont 
ete  largement  etudie'es. 
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Mo  :  has  a  strengthening  effect  at  contents  between  3  and  10%.  Above  that 
percentage,  the  effect  is  less  marked,  mainly  at  high  temperatures,  say, 
over  3500°P.  An  alloy  of  ff-Mo  12%  hi.s  approximately  the  same  properties 
as  tungsten  metal,  at  4000°P. 

Ta  :  has  the  most  marked  effect  on  high  temperature  properties  mainly  within 

the  range  3-10%  but  it  raises  the  ductile-to-brittle  transition  temperature 
still  further  and  increases  the  difficulty  of  forming. 

Nb  :  has  a  distinct  effect  up  to  3100°P,  but  little  beyond  that  figure,  except 
perhaps  at  low  contents,  when  it  acts  by  dispersion. 

Combinations  of  these  elements,  coming  in  addition  to  strengthening  by  hot  working, 
give  the  following  figures  for  cast  alloys  all  worked  under  the  same  conditions: 


w+ 

Nb 

Ta 

Mo 

Tensile 

at 

30001 

UPS 

(kpsi) 

test 

*F 

El. 

(%) 

100 

0 

0 

0 

14 

70 

88 

12 

50 

4 

44 

12 

44 

54 

7 

88 

12 

28 

14 

88 

6 

6 

62 

- 

44 

6 

44 

6 

51 

5 

44 

44 

12 

57 

5 

68 

20 

12 

68 

16 

Rhenium:  the  action  of  this  element  is  worth  special  mention,  as  it  is  with 
molybdenum.  Solid  solubility  is  28%  at  2400°F  and  37%  at  5400°P.  This  metal 
improves  hardness  and  high  temperature  properties  and  at  the  same  time  improves 
fabricability  (the  alloy  W-35Re  can  be  worked  at  a  few  hundred  degrees)  and 
ductility,  and  lowers  the  ductile-to-brittle  transition  temperature,  especially  in 
the  recrystallized  state.  The  addition  of  5%  Re  also  reduces  the  oxidation  rate 
to  one-fifth. 


Re  (%)  (by  weight) 

0 

5 

10 

20 

24 

27 

30 

Bend  transition 
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The  combination  of  additions  of  Re  and  (Mo  -  Nb  -  Ta)  has  been  contemplated, 
e.g.  alloys  such  as  ff  -  2%  to  8%  Re  -•  2%  to  8%  Ta,  or  ff  +  29%  Re  +  1.3%  Nb  +  C. 


Mo  :  a  un  effet  durcissant  entre  3  et  10%.  Au  delA  1* effet  est  moins  marque, 

principalement  A  haute  temperature,  A  parttr  de  1.925°C.  Un  alliage  W-Mo  12% 
a  sensiblement  les  mfimes  caradtdristiques  que  le  tungstAne  non  all id,  A 
2. 200°C. 

Ta  :  a  1’  effet  le  plus  marque  sur  les  caracteristiques  A  chaud,  principalement 
dans  la  zone  3-10%,  mais  accroft  encore  la  temperature  de  transition 
ductile-fragile  et  augmente  les  difiicultds  de  fabricabilitd. 

rib  :  a  un  effet  net  jusqu’A  1.700°C,  mais  peu  au  delA,  sauf  peut-Atre  A  faible 
teneur  oA  il  intervient  alors  par  phase  dispersde. 

Les  combinaisons  de  ces  elements,  superposdes  au  durcissement  par  travail  A  chaud, 
donnent  par  exemple,  pour  des  alliages  coulds  transformes  dans  les  mAmes  conditions: 


Rhenium:  une  mention  spdciale  doit  dtre  faite  pour  1’  action  de  cet  element,  comme 
dans  le  cas  du  molybdAne.  La  solubilitd  solide  est  de  28%  A  1.300°C  et  37%  A  3.000°C. 
Ce  mdtal  accroit  la  duretd,  les  caractdristiques  A  chaud,  tout  en  amdliorant  la 
fabricabilitd  (l’alliage  W-35Re  peut  se  transformer  A  quelques  centaines  de  degrds), 
la  ductilitd,  et  abaissant  la  temperature  de  transition  ductile-fragile, 
principalement  A  1* dtat  recristallisd.  L*  addition  de  Re  (5%)  rdduit  en  outre  de  5 
fois  la  vitesse  d’  oxydation. 


f - 

Re  (%)  (en  poids) 
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La  combinaison  d’  additions  de  Re  et  de  (Mo  -  Nb  -  Ta)  a  ete  envisagee,  comme  par 
exemple  des  alliages  W  +  2%  A  8%  Re  +  2  A  8%  Ta,  ou  W  +  29%  Re  +  1,3%  Nb  +  C. 


Hie  cost  of  rhenium  is  a  heavy  handicap  to  the  development  of  such  alloys,  with 
the  exception  of  wire  for  thermo-electric  couples. 

Ti  -  Zr  -  Hf  -  Cr  have  a  small  range  of  solid  solubility  and  quickly  produce 
brittleness. 

5.2.2.  Dispersion  Strengthening 

Some  improvement  of  high  temperature  properties  is  possible  without  changing  the 
transition  temperature  too  much: 

either  by  small  additions  of  Ti,  Zr,  Nb  or  Hf,  which  form  dispersed  strengthening 
compounds  with02  and  C  impurities  (or  with  C  deliberately  introduced),  chiefly 
by  means  of  arc  melting.  The  addition  of  C  alone  seems  likely  to  produce 
strengthening  effects  after  certain  heat  treatments.  The  solid  solubility  of 
C  is  0.3  at.%  at  4410°P  but  drops  rapidly  to  0.05%  at  3650°F  with  formation  of 
the  carbide  W2C,  which  remains  stable  at  high  temperatures. 

or  by  direct  additions,  by  powder  metallurgy,  of  compounds  such  as  Th02, 

TaC,  Hf02  (less  effective  than  the  first  two),  BUC,  Zr02,  A1203,  U02  (Si02  and 
MgO  vaporize  on  sintering  -  most  nitrides,  as  well  as  HfC,  decompose  on 
sintering) . 

Bend  transition  temperatures  and  recrystallization  temperatures  for  sheet 
fabricated  under  the  same  conditions  are: 
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D  =  recrystallization  starts.  P  =  100%  recrystallized. 


The  presence  of  these  compounds  lowers  the  transition  temperature,  raises  the 
recrystallization  temperature  of  sheet  and  also  inhibits  coarsening  of  the  grain  in 
high  temperature  sintering.  It  is  clear,  however,  that  at  present  contents  of  8%  by 
volume  (Zr02  or  Th02)  are  the  maximum  compatible  with  good  fabricability. 
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Le  prix  du  rhenium  est  toutefois  un  gros  handicap  pour  le  ddveloppement  industriel 
de  ces  alliages,  k  V  exception  du  cas  de  fils  pour  couples  thermodlectriques. 

Ti-Zr-Hf-Cr  ont  un  faible  domaine  de  solubilitd  solids  et  fragilisent  trds 
rapidement . 

5.2.2  Durcissenent  par  Phase  Dispersee 

On  peut  obtenir  une  certaine  amelioration  des  caractdristiques  k  chaud,  sans  trop 
i  changer  la  temperature  de  transition. 

I 

soit  par  faibles  additions  de  Ti,  Zr,  Nb,  Hf  formant  avec  les  impuretds  02  et  C 
(ou  C  volontairement  ajoutd)  des  composes  disperses  durcissants,  principalement 
par  la  voie  de  la  fusion  k  1’  arc.  II  semble  que  1*  addition  de  C  seul  puisse 
donner  lieu  k  des  effets  de  durcissement  aprds  certains  traitements  theriniques. 

1C  a  une  solubilitd  solide  de  0,3  at.  %  k  2.425°C,  mais  qui  ddcroft  rapidement 
a  0,05%  4  2. 000°C,  avec  formation  du  carbure  W2C,  restant  stable  a  haute 
temperature; 

soit  par  additions  directes,  en  mdtallurgie  des  poudres,  de  composes  tels  que 
ThOz,  TaC,  Hf02  (moins  efficace  que  les  deux  precedents),  ZrC  (efficace  pour 
augmenter  la  temperature  de  recristallisation),  B4C,  Zr02,  A1203,  U02,  (Si02,  MgO 
se  volatilisent  au  frittage  -  la  plupart  des  nitrures,  de  m6rne  que  HfC  se 
ddcomposent  au  frittage). 

Les  temperatures  de  transition  en  pliage  et  les  temperatures  de  recristallisation 
sur  tdles  transformdes  dans  les  mdmes  conditions  sont: 


Temperature  de  traitement  final  (°C) 

1.000 

1.300 

1.400 

1.600 

1.800 

2.000 

w 

+205 

+200 

+310D 

+350p 

+360 

+370 

W  +  8  vol.  %  Zr02 

+140 

-*35 

+170 

+220° 

+260P 

+300 

W  +  8  vol.  %  Th02 

+150 

+80 

+30° 

+180 

+270P 

+300 

D  =  debut  de  la  recristallisation.  P  =  recristallisation  complete. 


La  presence  de  ces  composes  decroft  la  temperature  de  transition,  accroft  la 
tempdrature  de  recristallisation  des  tdles  et  inhibe  en  outre  le  grossissement  du 
grain  au  frittage  k  haute  tempdrature.  11  apparaft  cependant  qu’  actuellement  des 
teneurs  de  8%  en  volume  (Zr02  ou  Th02)  soient  le  maximum  compatible  avec  une  bonne 
fabricabilite.. 
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5.2.3  Combinations  of  Solid  Solution  and  Dispersion  Strengthening 
Combination  of  both  processes  seems  promising: 

-  either  to  improve  ductile-to-brittle  transition  temperature: 


Bend  transition  temperature  on  sheet 

1W2  or 

Soluble 

Stress-relieved 

Annealed 

Zr02 

addition 

lh 

lh 

lh 

(vol.  %) 

(weight  %) 

2200°F 

2350°F 

3300°F 

0 

0 

+400 

+400 

+650 

0 

5  Re 

330 

565 

2 

0 

365 

620 

4 

0 

300 

570 

8 

0 

230 

175 

525 

2 

5  Re 

300 

485 

4 

5  Re 

185 

435 

0 

1  Os 

420 

850 

8 

1  Os 

165 

- 

0 

— 

870 

8 

• 

- 

-  or  to  improve  high  temperature  properties: 

W  +  10  (Ni-Pe)  +  A1203  or  MgO  or  Th02  or  Zr02  or  B 
W  +  3  (Ni-Pe)  +  2Mo  +  0. 5Ru 
W  +  O.fiNb  +  0.09C  (UTS  =  28000  psi  at  3500°P) 

W  +  13Nb  +  0.3V  +  0. 12Zr  +  0.07C  (UTS  =  56000  psi  at  3500°F) 

W  +  12Nb  +  0. 14Zr  +  0.2C  (UTS  =  48000  psi  at  3500°P) 

W  +  INb  +  0.  lHf  +  0. 05Zr 

W  +  3Mo  +  INb  +  C 

W  +  3Mo  +  INb  +  0.  lHf  +  0. 05Zr. 

The  transition  temperatures  of  the  last  three  types  of  alloy  are  slightly  higher 
than  that  of  tungsten  metal. 

It  may  be  noted  that  none  of  the  suggested  additions  yet  allows  mechanical 
properties  worthy  of  interest  to  be  obtained  at  more  than  3700°P. 
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5.2.3  Combinaison  des  Deux  ProcAdis 

La  combinaison  des  deux  procddds  de  durcissement  apparait  prometteuse: 

-  soit  pour  amdliorer  la  temperature  de  transition  ductile-fragile: 


Temperature  de  transition  en  pliage  sur  idles 

Th02  ou 

Addition 

Rest 

aurS 

Recuit 

Zr02 

soluble 

lh 

lh 

lh 

(vol.  %) 

(poids  %) 

1. 200°  C 

1 . 300° C 

1.800°C 

0 

0 

200 

200 

360 

0 

5  Re 

165 

295 

2 

0 

185 

325 

4 

0 

150 

300 

8 

0 

110 

80 

275 

2 

5  Re 

150 

250 

4 

5  Re 

85 

225 

0 

1  Os 

210 

450 

8 

1  Os 

75 

- 

0 

0,3  Ir 

400 

460 

8 

0.3  Ir 

75 

-  soit  pour  amdliorer  les  caractdristiques  k  chaud: 

W  +  10  (Ni-Fe)  +  A1203  ou  MgO,  ou  ThOz,  ou  ZrOz,  ou  B 
W  +  3  (Ni-Pe)  +  2Mo  +  0,  5Ru 
W  +  0, 6Nb  +  0.09C  (R  =  20  kg/mm2  k  1.900°C) 

W  +  13Nb  +  0.3V  +  0, 12Zr  +  0, 07C  (R  =  39  kg/mm2  k  1.900  C) 

W  +  12Nb  +  0, 14Zr  +  0.2C  (R  =  34  kg/mm2  k  1.900°C) 

W  +  INb  +  0,  lHf  +  0,  05Zr 
W  +  3Mo  +  INb  +  C 
W  +  3Mo  +  INb  +  0.  lHf  +  0, 05Zr 

Les  trois  derniers  types  d’  alliages  ont  des  temperatures  de  transition  trds  peu 
supdrieures  k  celle  du  tungstAne  non  allid. 

On  pourra  remarquer  qu’  aucune  des  additions  envisagdes  ne  permet  encore  d’  obtenir 
des  caracteristiques  mdcaniques  aignes  d’  inter£t  au  delA  de  2. 000°C. 


5.3  Alloys  Produced  by  Liquid  Phase  Sintering 
or  Infiltration 

Active  elements  may  be  used  in  small  quantities  as  activators  to  improve 
densification  in  sintering.  In  descending  order  of  effectiveness  they  are: 

Pd  (0.25%),  Ni.  Rh,  Pt,  Ru. 

Other  combinations  are  iiore  truly  juxtapositions  than  alloys  in  the  proper 
sense: 

Alloys  obtained  by  sintering  in  the  liquid  phase: 

W  +  lCu  +  4Ni,  W  +  2Cu  +  5Ni,  W  +  ICu  +  6Ni  (+  0.  2B),  which  are  more  readily 
machinable  than  tungsten  metal  and  are  used  as  heavy  alloys  in  engineering; 

W  +  2. 8Ni  +  1. 2Fe,  which  can  be  rolled  at  750-925°P. 

Alloys  obtained  by  impregnation-infiltration:  body  of  porous  sintered  tungsten 
impregnated  principally  by  Ag  (10  to  20%)  or  Ag-28Cu.  Impregnations  by  Al, 

Cu,  Ni-Ag  or  Mn  are  less  interesting  for  application  to  rocket  nozzles. 


6.  PHYSICAL  PROPERTIES  OP  ALLOYS 
6. 1  Composition  of  the  Most  Advanced  Alloys 


*  General  Electric  alloy  3D.  **  Chase  Brass  and  Copper.  *•*  Used  as  sintered. 
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l 

j 

5.3  Alliages  Obtenus  par  Frittage  en  Phase  < 

Liquide  ou  par  Infiltration 

| 

Pour  amdliorer  la  densification  au  frittage  (activation)  des  dldments  actifs  ! 

peuvent  €tre  utilises  en  faibles  quantitds.  Ce  sont,  par  ordre  d’  eff icacitd 
ddcroissante:  Pd  (0,25%),  Ni,  Rh,  Pt,  Ru. 

D’  autres  combinaisons  consistent  plus  en  des  juxtapositions  qu’  en  des  alliages 
proprement  dits: 

Alliages  obtenus  par  frittage  en  phase  liquide: 

W  +  lCu  +  4Ni,  ff  +  2Cu  +  5Ni,  W  +  4Cu  +  6Ni  (+  0,2B),  plus  facilement  usinables 
que  le  tungstdne  non  allid,  utilises  en  mdcanique  en  tant  qu’  alliage  lourd: 

W  +  2,8Ni  +  1, 2Fe,  laminable  a  400-500°C. 

Alliages  obtenus  par  impregnation -infiltration:  corps  de  tungst&ne  frittd  poreux  ! 

imprdgnd  principal ement  par  Ag  (10  A  20%)  ou  Ag-28Cu.  Des  impregnations  par  Al, 

Cu,  Ni-Ag,  Mn,  sont  moins  intdressantes  pour  le  cas  des  cols  de  tuydres. 


6.  PROPRIETES  PHYSIQUES  DES  ALLIAGES 
6.1  Composition  des  Alliages  les  Plus  Avancds 


i 


*  Alliage  3D  de  General  Electric.  **  Chase  Brass  and  Copper.  *J*  Utilisation  a  1'  etat  fritte. 


I 


I 


6.2  Physical  Properties 


Density 
(lb/ in3) 

mmm 

i 

W-lTh02 

■a 

0150 

W-2ThO 2 

6150 

W-0.4TaC 

■i  ■ 

6150 

W-0. 5Nb 

■SSI  * 

6140 

W-2. 5Mo 

5920 

W-15MO 

5950 

W-3. 5Ta 

B9 

Density 

■r; " 

Electrical  resistivity  (microhm-cm) 

(lb/ in3) 

70°F 

2200°F 

3600°F 

5400°F 

W-3Re* 

mm 

6100 

10 

40 

70 

110 

W-5Re*^ 

6060 

13 

45 

75 

- 

W-26Re* 

mm 

5650 

32 

60 

90 

- 

W-Cu-Ni 

0.630 

*  Wire  only  in  cannier cial  supply: 

coefficient  of  thermal  expansion  :  3.18  microincb/in  °P  at  room  temperature, 
thermal  conductivity  :  55  Btu  ft/h  ft2  °F  at  room  temperature, 

thermoelectric  power  :  1  mV  per  100°F  (for  W-26Re  as  coupled  with  W). 

This  kind  of  wire  is  used  principally  for  thermocouples. 

Hie  W/W-26Re  thermocouple  can  be  used  at  least  up  to  5430°F._ 


7.  MECHANICAL  PROPERTIES 

7. 1  Tensile  Properties  at  High  Temperatures 
(Experimental  values) 


Condition ^ 

70°F 

22 00° 

F 

2500° 

F 

3000 0 

F 

3500° 

71 

h000c 

F 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

UTS 

El. 

YS 

U.'S 

El. 

YS 

UTS 

(kf 

si) 

(%) 

(kf 

si) 

(%) 

(kf 

>si) 

_ 

(%) 

(kf 

si) 

(%) 

(kf 

si) 

'%) 

(kf 

si) 

W-lThOg 

B-F 

1 

38 

23 

14 

W-27h0  2 

B-F 

38 

c 

12 

1 

37 

1 

26 

17 

B-F-D 

SI 

HD 

4 

K 

B-F-R 

100 

m 

15 

22 

i 

B-F-D 

m 

43 

1 

25 

32 

20 

1 

B-F-R 

9 

20 

20 

7 

11 

1 

1 

for  references  see  page  198  (Continued) 
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6. 2  Proprietes  Physiques 


— 

Dens i tS 

Temperature 

(g /cm3) 

de  fusion 
(°C) 

W>lTh02 

19.1 

3.400 

W-2’ih02 

18,9 

3.400 

W-0, 4TaC 

19,3 

3.400 

ff-0,  5Nb 

19,2 

3.395 

W-2, 5Mo 

3.275 

W-15MO 

— 

3.290 

W-3, 5Ta 

19,3 

■1 

Dens i ti 

TempSrature 
de  fusion 
(°C) 

Resistivity  ilectrique  (microhms-cm) 

H 

(g/cm3) 

2  0° 

1.200° 

2.000° 

SB. 

19,4 

3.375 

10 

40 

70 

19,5 

3.350 

13 

45 

75 

W-26Re 

19,8 

3.120 

32 

60 

90 

W-Cu-Ni 

17,5 

*  Fil  seulemiu'C  en  production  industrielle: 

coefficient  de  dilatation  Unfair e  :  5,7  (°C) 
conductibilite'  thermique  :  0,  23  cal/s  cm  °C 

pouvoir  thermoelectrique  :  1,8  mV  par  100°C 

Ces  fils  sont  prlncipalement  utilises  pour  thermocouples. 
Le  couple  W/W-26Re  est  valable  jusqu’a  plus  de  3.000°C. 


(a  20°C) 

(pour  W-26Re  par  rapport  a  W) 


7.  C ARACTERISTIQUES  MECANIQUES  DES  ALLIAGES 

7.1  Caract^ristiques  Mecaniques  en  Traction  &  Chaud 
(Valeurs  experimental es) 


W-lThOz 

W-2ThOz 

f-0, 4TaC 

EtatW 

2 0°C 

1.  2  00°C 

1.370°C 

i.650°C 

1.9Q0°C 

2.  200°C 

_  _ 

LE 

(kg/ 

R 

nm2) 

A 

(%) 

LE 

(kg/ 

R 

ta2) 

A 

(%) 

LE 

(kg/ 

R 

um2  ) 

A 

(%) 

LE 

(kg/ 

R 

MM  ) 

A 

(%) 

LE 

'kg/ 

R 

*m2) 

A 

(%) 

LE 

(kg/ 

* 

M  2) 

A 

(%) 

B-P 

B-P 

B-P-D 

B-P-R 

B-P-D 

B-P-R 

70 

27 

28 

6 

35 

35 

30 

14 

12 

1 

20 

15 

7 

18 

5 

— 

27 

26 

21 

11 

22 

8 

4 

22 

20 

12 

16 

18 

10 

12 

voir  re'fe'rences  (page  199)  (Voir  page  suivante) 


Condition ^ 


W-0. 5Nb 

B-C 

B-C-D 

W-0. 75Nb 

B-C-D 

W-lNb 

B-C-D 

W-2Nb 

B-C-D 

W-2. 5Mo 

C-D(1) 

B-C 

B-C-D 

W-5M0 

B-C 

W-12MO 

B-C-D 

W-15MO 

C-D(1) 

B-C 

W-25MO 

B-C-D 

W-2Ta 

B-C-D 

W-4Ta 

B-C-D 

W-5. 3Ta 

B-C-D 

W-20Ta-12Mo 

B-C-D 

W-2Nb-6Mo 

B-C-D( 

B-C-R( 

70°F  2  9.00°F  2500°F  3000°F  3S00°F  4000°F 

YS  UTS  El.  YS  UTS  El.  fsjl/mi.  YS  UTS  El.  KsIf/TSPi.  YsluTS  El. 

(kpsi)  (%)  (kpsi)  (%)  (kpsi)  (%)  (kf  si)  (%)  (kpsi)  (%)  (kpsi)  (%) 

64  70  12  50  57  10  40  43  15  9  14  55  4  9  80 

21  28  20  7  11  30 

21  30  8  7  11  10 

15  21  20  7  13  23 

24  33  9  9  14  8 


40  0 
160  170  3 


W-5Re 

(wire) 

W-26Re 

(wire) 

W-Cu-Ni( 


F-D 

P-R 

p(2) 

P-D 

P-R 

C-D 

C-R 

as  sintered 


430  460  1 
235  240  18 
174  203  27 
400  480  1 
240  143  16 
166  220  23 
307  7 
200  11 
100 


47 

50 

22 

6 

9  90 

48  5 

11 

18 

9 

3 

9  40 

2 

6  45 

30 

32 

29 

6 

10  80 

4 

6  100 

18 

30 

11 

6 

10  18 

2 

6  55 

43 

34 

37 

25 

9 

11  80 

4 

6  100 

48  10 

20 

32 

10 

6 

11  48 

14 

20 

28 

6 

13  47 

32 

50 

15 

10 

17  34 

56 

20 

11 

68 

16 

33 

38 

25 

10 

17 

5 

142 

90 

60 

44 

120  11 
71  20 


(a)  B  =  forged  bars 


C  =  arc  cast 
F  =  powder  metallurgy 


D  =  stress-relieved 
R  =  recrystallized 


(l)  as  cast  +  stress-relieved. 


(2)  as-drawn.  (3)  not  for  elevated  temperature  service. 
(4)  extruded. 


1.200°C  1 . 370°C  1. 650°C  1.900°C 


2. 200° C 


£tat(a) 


LE  fl  \  A  \LE  fl  \  A  \LE  /I  \  A  \  LE  *  \  A  \  LE  *  U  \  LE  /I  4 


(kg/*mZ)  (%)  (kg/**2)  (%)  (kg/** 2)  (%)  (kg/ 

***)(%)  (kg/i 

**2)(%)(kg/ 

m2)(%) 

W-0,  5Nb 

B-C 

45  48  12  35  40  10 

28 

30  15 

6 

10  55  3 

5 

80 

B-C-D 

15 

20  20 

5 

8  30 

W-0, 7Nb 

B-C-D 

15 

21  8 

5 

8  10 

W-lNb 

B-C-D 

11 

15  20 

5 

9  23 

W-2Nb 

B-C-D 

17 

23  9 

6 

10  8 

W-2,  Slio 

C-D(1) 

28  0 

20  26 

B-C 

33 

35  22 

4 

6 

90 

B-C-D 

21  34  5 

8 

13  9 

2 

6  40  1 

4 

45 

V-SMo 

B-C 

21 

22  29 

4 

7  80  3 

4 

100 

ir-iaio 

B-C-D 

13 

21  11 

4 

7  18  1 

4 

55 

W-15MO 

C-D(1) 

28  0 

32  30 

B-C 

112  119  3 

24 

26  25 

6 

8  80  3 

4 

too 

W-25MO 

B-C-D 

18  34  10 

14 

22  10 

4 

8  48 

W-2Ta 

B-C-D 

10 

14  28 

4 

9  47 

W-4Ta 

B-C-D 

22 

35  15 

7 

12  34 

W-5, 3Ta 

B-C-D 

39 

14 

8 

W-20Ta-12Mo 

B-C-D 

47  16 

W-2Nb-6Mo 

B-C-D(4) 

23 

27  25 

B-C-B(lt) 

7 

12  5 

W-3Be 

p(2) 

300  320  1 

100 

63 

42 

31 

(fil) 

P-D 

165  168  18 

P-B 

108  142  27 

W-5Be 

p(Z) 

280  336  1 

112 

83 

44 

(fil) 

P-D 

168  170  16 

F-B 

116  154  23 

18  25 

W-26Be 

C-D 

215  7 

84  11  42 

22 

12  28 

(fil) 

C-B 

140  11 

54  20 

12  28 

l-Cu-«i(3) 

fritte' 

70 

(a)  B  =  barres  forge'es  C  =  coule'  a  1’  arc  D  =  recuit  de  detente 

F  =  me'tallurgie  des  poudres  B  =  recristallise' 

(l)  coule  non  transforme.  (2)  brut  d’etirage.  (3)  non  interessant  a  haute  temperature.  (4)  file. 


D  =  recult  de  detente 
B  =  recristallise 


! 
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7.2  Materials  Advisory  Board  Targets 

The  targets  set  by  the  Materials  Advisory  Board  are: 


Fabricab ie 

For 

moderate 

sintered 

strength 

material 

Under  optimum  conditions 

Elongation  at  70°F 

2 

2 

Tensile  properties  (kpsi) 

at  3000°F 

YS  =  15.  UTS  =  20 

YS  =  25.  UTS  =  35 

at  3500°F 

at  3500°F 

YS  =  7,  UTS  =  10 

YS  =  18,  UTS  =  28 

YS  >  15 

at  4000°F 

YS  =  10,  UTS  =  15 

UTS  >  22 
240h  life 
under  12  kpsi 

Recrystallization 

temperature  (lh)  (°F) 

3400 

Notched/unnotched  UTS 

1  at  400 °F 

1  at  400°F 

Ductile-to-brittle  bend 

transition  temperature  (4T) 

300°F 

300°F 

Bending  at  300°F  (base  metal) 

4  T 

4  T 

Figure  4  shows  the  relative  position  of  the  various  semi -commercial  or  experimental 
tungsten  alloys  with  the  MAB  target. 

7. 3  Resistance 

J.3.1  Stress  Rupture  (kpsi).  Experimental  values. 


Alloy 

Condi  tion^^ 

25 00°F 

2700° F 

2800°F 

3000°F 

3300°F 

lh 

lOh 

100b. 

lh 

lOh 

100k 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

10h 

100h 

W-2Th02 

B-F-R 

40 

30 

24 

25 

18 

14 

9 

n 

■ 

wire 

H 

■ 

1 

W-0. 4TaC 

B-F-D 

32 

20 

15 

1 

II 

i 

W-S.  5Nb 

B-C 

23 

17 

1 

■ 

I 

W-5Mo 

18 

I 

W-15MO 

B-C 

21 

23 

a 

m 

(a)  B  =  forged  bars. 


C  =  arc  cast 
F  =  powder  metallurgy 


D  =  stress-relieved 
R  =  recrystallized 
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7.2  Specifications  du  Materials  Advisory  Board 

Les  buts  &  atteindre  fixes  par  le  Materials  Advisory  Board  sont: 


Alliage 
fabric able  a 
risistance 
modirie 

Alliage  a 
haute 

risistance 

Alliage  ptfar 
pihces  fritties 

Dans  les  conditions  optima 

A  (%)  A  20° 

Caractdristiques  en  traction 

2 

2 

4  1.650°C  (kg/mm2) 

LE  =  11,  R  =  14 

LE  =  17,  R  =  25 

4  1. 900°C 

A  1.900°C 

LE  =  5.  R  =  7 

LE  =  13,  R  =  20 

LE  >  11 

a  2 . 200°C 

L£  =  7,  R  =  11 

R  >  15,5 
vie  >  240h 

Tempdrature  de  recristalli- 
sation  (lh) 

1. 870°C 

sous  8,4  kg/mm2 

R  lisse/R  entailie 

i  a  200°c 

1  a  200°C 

Tempdrature  de  transition 
ductile-fragile  (en  pi \ age  4T) 

+  150°C 

+150°C 

Pliage  A  150°C  (rndtal  de  base) 

4  T 

4  T 

La  Figure  4  (page  203)  situe  les  positions  des  divers  alliages  de  tungst&ne  semi- 
commerciaux  ou  expdrlmentaux  par  rapport  aux  specifications  ci-dessus. 

7.3  Caracteristiques  de  Fluage 

7.3.1  Rupture  Diffiree  (kg/mm2).  Valeurs  exp^rlmentales. 


Alliage 

£tat(a) 

1 . 370°C 

1.480°C 

1.540°C 

1.650°C 

1 

.  790°C 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

10h 

100k 

lh 

lOh 

100k 

W-2Th02 

B-F-R 

fil 

28 

21 

17 

18 

13 

10 

6 

5 

W-0, 4TaC 

B-F-D 

22 

14 

11 

W-0, 5N7) 

B-C- 

16 

12 

W-5Mo 

13 

W-15MO 

B-C 

_ 

15 

9 

5 

10 

5 

2,5 

(a)  B  =  barres  forgdes. 


C  =  could  a  1’  arc 
F  =  metallurgie  des  poudres 


D  =  c ecu it  de  detente 
K  =  recristallise 


2000  2400  2800  3200  3800  4000  4400 

Pig. 4  Tungsten  base  alloys.  Elevated  temperature  UTS 


temperature 


204 


7,3.2  Creep  Stress  (kpsi).  Reference  values 


2800°F 

3000°F 

3100°F 

Alloy 

Condition 

0.5%  in 

1%  in 

1%  in 

2%  in 

1%  in 

lh 

lOh 

lOOh 

lh 

lOh 

lOOh 

lh 

lh 

lOOh 

W-2Th02 

Wire 

6 

W-0.4TaC 

B-P-D 

15 

9 

4 

21 

11 

6 

W-15MO 

B-C 

4 

14 

7.4  Stress-Relief  and  Recrystallization 

The  stress-relief  treatment  temperatures  required  to  increase  ductility  as 
compared  with  the  hot -worked  state  depend  basically  on  the  conditions  of  previous 
fabrication. 

Recrystallization  temperature  also  depends  on  conditions  of  fabrication  and  on  the 
various  types  of  additions  in  the  alloy  (see  Section  5.2). 


Alloy 

Condition ^ 

Recrystallization 
temperature 
(°F)  (lh) 

Customary 

stress-relieving 

treatments 

W-lTh02 

B-P- 

2920 

lh  at  2200-2400 °F 

W-2Th02 

B-P- 

3100-3300 

lh  at  2200-2400cF 

W-0. 4TaC 

B-P- 

2740-3000 

30  min-lh  at  2400°P 

W-0. 5Nb 

B-C- 

3200-3400 

lh  at  2700-2900°P 

W-2Mo 

B-C- 

3100 

W-15MO 

B-C- 

3400 

lh  at  2600°P 

W-2Nb-6Mo 

B-C- 

3300-3400 

W-3Re 

wire 

5430 

3  min  at  4000°P 

W-5Re 

wire 

5430 

3  min  at  4000°P 

W-26Re 

wire 

4200-4400 

(a)  B  =  extruded  bars. 


C  =  are  cast. 


P  =  powder  metallurgy. 
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7.3.2  Fluage  (k  titre  indicatif)  (kg/mm2) 


1.5iO°C 

1.650°C 

1. 710°C 

Alliage 

Etat 

0,5%  en 

1%  en 

1%  en 

2%  en 

1%  en 

ih 

lOh 

lOOh 

ih 

lOh 

lOOh 

ih 

ih 

lOOh 

w-2Tho2 

fil 

4 

W-0, 4TaC 

B-F-D 

11 

6 

3 

15 

8 

4 

w-iaao 

B-C- 

3 

10 

7.4  Restauration  et  Recristallisation 

Les  temperatures  des  traitements  de  restauration  permettant  d’  accroftre  la 
ductilite  par  rapport  k  1’  dtat  brut  de  travail  k  chaud,  dependent  essentiellement  des 
conditions  de  transformation  anterieures. 

La  tempdrature  de  recristallisation  depend  egalement  des  conditions  de  transformation 
et  des  dif fdrents  types  d’  additions  alliantes  (voir  Section  5. 2) . 


Alliage 

Etat(&) 

Temperature  de 
recristallisation 
(ih)  (°C) 

Traitements  de 
ditente -restauration 
les  plus  courants 

W-lTh02 

B-P- 

1.600 

lh  k  1.200-1. 300°C 

W-2ThOz 

B-P- 

1.700-1.800 

lh  k  1. 200-1. 300°C 

W-0, 4TaC 

B-P- 

1.500-1.650 

0, 5h  k  lh  a  1.320°C 

W-0, 5Nb 

B-C- 

1.750-1.870 

lh  k  1. 480-1. 600°C 

W-2Mo 

B-C- 

1.700 

W-15MO 

B-C- 

1.870 

lh  k  1.430°C 

W-2Nb-6Mo 

B-C- 

1.800-1.870 

W-3Re 

fil 

3  min  &  3.000°C 

3  min  k  2. 230°C 

W-5Re 

fil 

3  min  k  3.000°C 

3  min  k  2.230°C 

W-26Re 

fil 

2.300-2.400 

(a)  B  =  barre  filee.  C  =  coule  a  1’  arc.  P  =  metallurgie  des  poudres. 


i 

i 


/ 


i 
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(F-fle  wire  (properties  at  70°P): 


Heat 

treatment  temperature  (3  min) 

nil 

2550°F 

mo°F 

5m°F 

YS  (kpsi) 

— 

mm 

MM 

W-3Re  wire 

UTS  (kpsi) 

El.  (%) 

kfl 

2 

HI 

mm 

Dope -treated 

El.  (%) 

4 

2 

2 

W  metal  wire 

Heat 

treatmer 

it  temperati 

ire  (3  min) 

nil 

3200°F 

mo°F 

52G0°F 

5  m°F 

YS  (kpsi) 

270 

230 

166 

— 

W-5Re  wire 

UTS  (kpsi) 

Wmm. 

280 

234 

220 

_ 

El.  (%) 

_ 

i 

5 

19 

23 

11 

7.5  Ductile-to-Brittle  Transition 

The  transition  temperature  is  subject  to  the  same  trends  according  to  the 
various  treatment  or  testing  factors  already  mentioned  for  the  other  refractory 
alloys: 


Alloy 

Condi tion^*^ 

Ductile-to-brittle 
transition  temperature  (°F) 

Ty 

Bending 

pe  of  test 

Unnotched  tensile 

W-lThO 

X-F-D^  D 

+350 

T-F-D^ 

+440 

T-F-R 

+675 

W-2Th0, 

T-p-D^  ^ 

+350 

X-p-D^ 

+370 

T-F-R 

f650 

B_p-D<3) 

+480 

W-0. 5Nb 

B-C- 

+570 

W-2Mo 

B-C- 

+550 

+460 

W-15MO 

B-C- 

+400  (extruded) 

+350  (forged) 

B-F- 

+510  (extruded) 

W-3Re  (wire) 

cold -worked 

<+70 

annealed 

' 

for  references  see  page  208 


(Continued) 


Cas  des  fils  W-Re  (caracteristiaues  4  20°C): 


T°  de  traitement  thermique  (3  min , 

niant 

1 . 400°C 

2. 200°  C 

3.000°C 

LE  (kg/mm2) 

300 

148 

98 

Fil  W-3Re 

R  (kg/mm2) 

320 

154 

112 

.  A  (%) 

1 

2 

30 

3 

Fil  W  non  allie 

A  (%) 

_ 

4 

2 

2 

dope 

T°  de 

traiteme 

nt  thermic^ 

ue  (3  min, 

neant 

1. 750°C 

2.2 00°C 

2. 900°C 

3.000°C 

LE  (kg/mm2) 

280 

190 

161 

116 

96 

Fil  W-5Re 

R  (kg/mm2) 

336 

196 

163 

154 

126 

A  (%) 

_ 

1 

5 

19 

23 

11 

7.5  Transition  Ductile-Fragile 

La  temperature  de  transition  est  sujette  aux  mSmes  evolutions  en  fonction  des 
divers  facteurs  de  transformation  ou  d’essai  dejA  cites  pour  les  autres  alliages 
refractaires: 


Alliage 

Etat<&) 

Temperature  de  transition 
ductile-fragile  (°C) 

Ty 

Pliage 

pe  d'essai 

Traction  lisse 

W-lTh02 

T-F-D^1* 

+175 

T-f-D^2^ 

+  225 

T-F-R 

+360 

W-2Th02 

T-F-D(1) 

+175 

T-F-D<2) 

+  185 

T-F-R 

+340 

B-f-D(3) 

+250 

W-0,5Nb 

B-C- 

+300 

W-2M0 

B-C- 

+290 

+240 

W-15MO 

B-C- 

+200  (file) 

+175  (forge) 

B-F- 

+  270  (file) 

W-3Re  (fil) 

ecroui 

- 

<+20 

recuit 

. 

voir  references  (page  209) 


(Voir  page  suivante) 


j 


ff-26Re 


Condition ^ 


cold-worked  wire 
annealed  wire 
T-F-D 
T-F-R 

cold-worked  wire 
annealed  wire 
T-P-R 


Ductile-to-brittle 

transition  temperature  (°F) 

Type  of  test 

Bending 

Unnotched  tensile 

<+70 

+340 

+550 

-200 

-100 

+140 

(a)  B  =  forged  bars 

T  =  sheet  (up  to  0. 2  in  thick) 


C  =  arc  cast 
P  =  powder  metallurgy 


D  =  stress-relieved 
R  =  recrystallized 


(1)  stress-relieving  at  1830°F.  ( 2)  stress -relieving  at  2200°F.  (3)  stress-relieving  at  2700°F. 
(see  also  Section  5.2). 

8.  CORROSION  BY  GASES  AND  CHEMICALS 
8. 1  Resistance  to  Oxidation 

Many  attempts  have  been  made  to  improve  the  resistance  of  tungsten  to 
oxidation. 

Additions  of  Nb  (optimum  15%),  Ta  (optimum  32%),  Hf,  Si  (optimum  0.5%)  reduce 
the  oxidation  rate,  but  quite  inadequately. 

The  addition  of  Re  is  also  favourable,  and  5%  Re  reduces  the  oxidation  rate  of 
W  metal  five  times  but  this  is  not  sufficient. 

Additions  of  Cr,  Ti  or  Zr  have  given  rather  variable  results  in  experimental 
work,  but  in  any  case  the  effect  is  slight.  The  optimum  addition  of  Cr  (9%)  halves 
the  oxidation  rate  of  tungsten  at  2200°P  in  air. 

Additions  of  Ps  +  Ni  produce  no  improvement. 

Additions  of  Co  and  V  are  more  or  less  harmful  even  at  low  contents. 

The  addition  of  more  than  5%  Mo  is  found  to  be  very  harmful. 

The  best  combinations  at  2200°F  seem  to  be  in  the  renge  ff  (75-95)  +  Nb  (5-25)  + 

Ti  (0.2-12). 


The  addition  of  Ru  would  also  appear  to  have  a  favourable  effect. 


w 


Alliage 


W-26Re 


Etat(&) 


fil  ecroui 
fil  recuit 
T-F-D 
T-F-R 
fil  ecroui 
fil  recuit 
T-P-R 


Temperature  de  transition 
ductile-fragile  (°C) 

Type  d'essai 

Pliage  I  Traction  lisse 


(a)  B  =  bar res  forgees 
T  =  tfiles  (ep.  <5  mm) 

(l)  detente  a  1.000°C. 

(voir  egalement  Section  3.1). 


C  =  coule'  4  1’  arc 
F  =  m^tallurgie  des  poudres 

(2)  detente  a  1.  200°C 


D  3  recuit  de  detente 
R  =  recristallise 

(a)  de'tente  a  1.500°C 


8.  CORROSION  PAR  LES  6AZ  ET  LES  PRODUITS  CKIMIQUES 
8.1  Resistance  &  1’  Oxydation 

De  nombreuses  tentatives  ont  it 4  faites  en  vue  d’  ameiiorer  la  resistance  d 
1’  oxydation  du  tungst^ne. 

Les  additions  de  Nb  (optimum  15%),  Ta  (optimum  32%),  Hf,  Si  (optimum  0,5%) 
reduisent  la  vitesse  d’  oxydation,  mais  de  fagon  tr£s  insuffisante. 

L’  addition  de  Re  est  egalement  favorable,  mais  5%  de  Re  ne  reduisent  que  de  5  fois 
le  vitesse  d’  oxydation  du  tungstdne  non  allie,  ce  qui  est  tr£s  insuffxsant. 

Les  additions  do  Cr,  Ti,  Zr,  ont  un  effet  assez  variable,  suivant  les 
experimentateurs,  aais  de  toute  fagon  tr£s  faible.  L’  addition  optimum  de  Cr  (9%) 
divise  par  deux  la  vitesse  d' oxydation  du  tungst^ne  &  1.200°C  dans  l'alr. 

Dos  additions  de  Pe  +  Ni  n’  apportent  aucune  amelioration. 

Les  additions  de  Co  et  V  sont  plus  ou  moins  nefastes  d£s  les  faibles  teneurs. 

L’ addition  de  plus  de  5%  de  Mo  apparalt  tr£s  nefaste. 

Les  combinaisons  les  meilleures  4  1.200°C  semblent  £tre  dans  le  domaine 
W  (75-95)  +  Nb  (5-25)  +  Ti  (0,1-12). 

L'  addition  de  Ru  aurait  egalement  un  effet  favorable. 
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8.2  Corrosion  by  Chemicals 

The  addition  of  up  to  30-40%  tantalum  does  not  impair  tungsten’ s  strong  resistance 
to  HP. 

The  liquid  phase  sintered  alloys  (4Ni  lCu  +  0.5  Ca  or  Al)  put  up  a  strong 
resistance  to  the  various  aqueous  corrosives. 


9.  FABRICATION 
9. 1  Welding 

Welds  on  the  common  alloys  are  quite  as  brittle  as  on  pure  tungsten  metal. 

Binary  and  ternary  combinations  with  Re,  Ta,  Zr,  Hf,  Y,  Th  and  C  have  been 
investigated.  The  transition  temperature  in  the  welded  state  of  alloys  based  on 
W-Hf-C  is  lower  than  that  of  tungsten  metal  (300°P  for  the  alloy  W-lHf-0. 03C). 


9.2  Brazing  and  Diffusion  Bonding 

The  difficulties  due  to  welding  have  caused  these  two  techniques  to  be  actively 
studied. 

For  brazing,  the  same  difficulties  experienced  with  molybdenum  alloys  were 
encountered  (formation  of  brittle  compounds  -  recrystallization) .  The  following 
alloys  have  been  used. 


4 

Nb  +  2.  2B  (AS  517) 

Nb  +  20Ti 

68Mn  +  16Ni  +  15. 5Co  +  0. 5B 

83. 5Ni  +  6.5Cr  +  2.5Fe  +  3B  +  4Si  +  0.15C 
60Pd  +  40Ni 

62Pd  +  38Cr 

Brazing 

temperature 

(°F) 

Service 

temperature 

CF) 

4000 

4100 

1925 

1925 

3500(a) 
3500(8) 
>5000 (b) 
3300(b) 

Diffusion 

Pt-2B  +  W  powder 

2020 

3800(b) 

sink 

Pt-Si  or  Pt-Bi  +  Mo  powder 

- 

- 

technique 

50Cr  +  5Ni  +  W  powder 

2500 

5000 

(a)  The  transition  temperature  of  the  base  metal  is  increased  from  +600  to  +725°F. 

(b)  After  diffusion  heat  treatment:  4  hours  at  1900-2100°P. 


! 


^'w-9i«iss'r?^i  :«4S^Sfe<ft&!K$&&iM* >  .  s*stiirs-'w»at#Si& 
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8.2  Corrosion  par  les  Produits  Chiniques 

On  peut  seulement  indiquer  quo  1’  addition  de  tant&le  (jusqu’A  30-40%)  n’  altdre 
pas  la  bonne  resistance  du  tungstdne  vis-A-vis  de  HP. 

Des  alliages  frittds  en  phase  liqulde  (4Ni  ICu  +  0,  5  Ca  ou  Al)  ont  une  bonne 
resistance  aux  differents  milieux  aqueux  corrosifs. 


9.  MISE  EN  OEUVRE 

9.1  Soudage 

Les  soudures  sur  alliages  courants  sont  tout  aussi  fragiles  que  dans  le  cas  du 
tungstdne  non  allid. 

Des  combinaisons  binaires  ou  ternaires  avec  Re,  Ta,  Zr,  Hf,  Y,  Th,  C,  ont  iti 
etudides.  Des  alliages  basdb  sur  W-Hf-C  ont,  k  1*  dtat  soudd,  une  temperature  de 
transition  infdrieure  k  celle  du  tungst&ne  non  allid  (150°C  pour  i’  alliage  W-lHf-0, 3C). 

9.2  Brasage  et  Liaison  par  Diffusion 

Les  difficultes  dues  au  soudage  font  que  ces  deux  techniques  sont  activement 
etudides. 

Pour  le  brasage,  les  mdmes  difficultes  que  dans  le  cas  des  alliages  de  molybd&ne 
ont  etd  rencontres  (formation  de  composes  fragiles  -  recristallisation) .  On  a 
utilise  les  alliages  suivants: 


Nb  +  2,  2  B  (AS  517) 

Nb  +  20  Ti 

68Mn  16Ni  15,5Co  0,5B 

83, 5Ni,  6, 5Cr  2,5Pe  3B  4Si  0,150 

60  Pd  +  40  Ni 

62  Pd  +  38  Or 

Temperature 
de  brasure 
(°C) 

Temperature 
de  service 

(°C) 

2.200 

2.250 

1.050 

1.050 

1.930(a) 

1. 930'2- 
>2.750(b) 
1.800(b) 

Diffusion 

Pt-2B  +  poudre  W 

1.100 

2.100(b) 

sink  . 

Pt-Si  ou  Pt-Bi  +  poudre  Mo 

- 

- 

technique 

50Cr  5Ni  +  poudre  W 

1.370 

2.760 

(a)  La  temperature  de  transition  du  tungstene  de  base  passe  de  +320°C  a  +380°C. 

(b)  Apres  traitement  thermique  de  diffusion  de  4h  a  l. 050-1. 150°C. 
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Powders  of  Ni,  Cr  or  Ti  alloys  are  used  to  braze  tungsten  to  giaphite  (with 
formation  of  TiC).  In  order  to  avoid  these  carbides,  it  was  thought  that  a  barrier 
coating  of  rhenium  (which  does  not  form  a  carbide)  might  be  used,  but  firing  tests 
were  disappointing  (formation  of  a  W-Re-C  alloy  with  a  low  melting  point).  Fillers 
based  on  Ta-ZrH2-W  were  also  used. 

For  diffusion  bonding  at  high  temperature  (3100-4700°F)  under  moderate  pressure 
(3000  psi),  various  intermediate  coatings  have  been  used  (Ni-Pd).  Deposits  of  Mo-W 
(decomposition  of  carbonyls)  have  given  interesting  results  (bonding  achieved  by 
2  hours’  heating  at  4300°F  under  hydrogen  atmosphere). 

9.3  Forming 


Alloy 


Forming 


Product 


W-lTh02 


Hot  rolling  of  sintered  plate  at 
3300°F;  intermediate  rolling  at 
2900-2500°F;  final  rolling  at 
2200°F.  All  forming  must  be 
done  red  hot. 


Sheet  of  limited  dimensions  down 
to  0.03  in  thick. 

Bars. 

Wire. 


W-2Th02 


Forging  and  swaging  at  3300-2900°F 
for  sintered  rod.  Rolling  of 
sintered  plate  as  for  the  1% 
alloy.  Extruding  at  3200-4200°F. 


Sheet  of  limited  dimensions 
down  to  0.03  in  thick. 

Bars. 

Wire 


W-0. 4TaC 


Extrusion  of  sintered  billets  at 
4000°F.  followed  by  swaging  at 
3100-2900°F. 


Bars. 


W-0. 5Nb 


Extrusion  of  arc-melted  billets 


Bars. 


at  3600-4000°F  (very  difficult), 
followed  by  swaging  (3000-2600°F) . 
or  forging  (2800-2500°F). 


W-2-3MO 


Rolling  of  cast  billets  at 
2400-2000°F.  Extrusion  easier 
than  with  0. 5Nb.  T-sections 
have  been  extruded  at  3200°F. 


Sheet. 

Bars. 


( Cont  irned) 
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Des  poudres  d’  alliages  Ni,  Cr,  ou  Ti  sont  utilisdes  pour  braser  le  tungstdne  au 
graphite  (il  y  a  formation  de  TiC).  Pour  dviter  ces  carbures,  on  a  pensd  utiliser 
une  coucbe  barridre  de  rhdnium  (qui  ne  forme  pas  de  carbure),  raais  les  essais  de 
tir  ont  dtd  ddcevants  (formation  d’un  alliage  4  bas  point  de  fusion  W-Re-C).  On  a 
utilisd  dgalement  des  joints  &  base  de  Ta-ZrH2-W. 

Pour  les  liaisons  par  diffusion  4  haute  temperature  (1.700  k  2.600°C)  sous  pression 
moddrde  (2  kg/mm2),  on  a  utilisd  des  couches  intermddiaires  diverses  (Ni-Pd).  Des 
ddpdts  de  Mo-W  (decomposition  de  carbonyls)  ont  donnd  des  rdsultats  intdressants 
(liaison  rdalisde  par  chauffage  de  2h  k  2.350°C  sous  hydrogdne). 


9.3  Fabricabilitd  -  Production 


All  iage 

Fabricabiliti 

Production 

W-lTh02 

Laminage  k  chaud  de  plaques 
frittdes  4  1.800°.  Laminage 
intermdaiaire  4  1. 600-1. 400°C; 
laminage  final  4  1. 200°C. 

Tout  formage  doit  dtre  effectud 
au  rouge. 

Tfiles  de  dimensions  limitdes 
jusqu’  4  e  =  0,8  mm. 

Barres 

Pi  Is 

W-2Hi02 

Porgeage  et  swaging  4  1.800- 
1.600°C  pour  barreaux  frittds. 
Laminage  des  plateaux  frittds 
comme  pour  alliage  4  1%. 

Pilage  4  1.800-2. 300°C. 

Tdles  de  dimensions  limitdes 
jusqu'  4  e  =  0,8  mm. 

Barres 

Pi  Is 

W-0, 4TaC 

Pilage  4  2.200°C  de  billettes 
frittdes,  suivi  de  swaging  4 

1. 700-1. 600°C. 

Barres 

W-0,  5Nb 

Pilage  des  billettes  fondues  4 

1*  arc  4  1. 980-2. 200°C  (trds 
difficile)  suivi  de  swaging 
(1. 650-1. 450°C)  ou  de  forgeage 
(1. 500-1. 350°C). 

Barres 

W-2-3MO 

Laminage  de  billettes  couldes 

4  1.300-1.000°.  Pilage  plus 
facile  que  le  0,  5Nb.  Des  "T" 
ont  dtd  filds  4  1.760°C. 

Tdles 

Barres 

(Voir  page  suivante) 


Alloy 


Forming 


Product 


W-15MO 

Extrusion  of  cast  or  sintered 
metal  at  3600-4000°F,  iollowed  by 
forging  at  2800-2200°F. 

Arc-melted  ingots  of  12  in  dia. 
Bars. 

W-3Re 

Sintered  me^al  worked  by  swaging 
from  3000°F  (beginning)  to 

1600°F  (end).  Fine  wire  can 
be  bent  cold. 

Wire. 

W-26Re 

Arc -melted  metal  forged  at  2800r‘F 
and  rolled  from  2800°F  to 

1800°F. 

Sheet. 

Wire.. 

9.4  Machining 

The  machining  of  the  alloys  presents  the  same  difficulties  as  for  tungsten 
metal. 

But  the  special  alloys  obtained  by  liquid  phase  sintering  or  by  infiltration 
machine  far  more  easily. 


10.  COMPARISON  OF  THE  TENSILE  STRENGTH  OF 
REFRACTORY  METALS  AND  THEIR  ALLOYS 

For  purposes  of  general  comparison,  although  ultimate  tensile  strength  at  high 
temperatures  is  only  one  of  the  major  factors  by  which  a  heat-resistant  alloy  can  be 
characterised,  Figure  5  shows  the  relative  positions  of  the  different  refractory 
metals  and  alloys,  while  Figure  6  makes  a  comparison  on  the  basis  of  the  ratio 
between  ultimate  tensile  strength  and  density. 


I 


Mliage 


W-15M0 


Fabricabilite 

Pilage  du  metal  couie  ou  frittrf 
a  2.000-2.200°C,  puis  forgeage  k 
1. 500-1. 200°C. 


Produc t ion 

Lingots  fondus  a  1’  arc  de  0  300. 
Barres 


W-26Re 


Metal  fritte  travailie  par  swaging  Pil 
de  1.600°C  (debut)  k  850°C  (fin). 

Les  fils  fins  peuvent  Stre  plies 
a  froid. 

Metal  fondu  a  1’  arc  forge  a  Tfile 

1. 500°C,  puis  laming  de  1.500  Pil 

a  900°C. 


9. 4  lls  inage 

L' us  inage  des  alliages  prdsente  les  monies  difficultds  que  celui  du  tungst&ie  non 
allid. 

Cependant,  les  alliages  spdciaux  obtenus  par  frittage  en  phase  liquide  ou  par 
infiltration,  s’ usinent  beaucoup  plus  facilement. 


10.  COMPARAISON  GENERALE  DES  METAOX  ET  ALLIAGES  REPRACTAIRES 

A  titre  de  comparaison  gdndraie,  et  bien  que  la  charge  de  rupture  en  traction  & 
haute  temperature  ne  soit  qu’  un  des  facteurs  majeurs  permettant  de  caractdriser  un 
alliage  resistant  &  chaud,  la  Figure  5  prdsente  les  positions  relatives  des 
different 8  metaux  et  alliages  refractaires,  et  sur  la  Figure  6  la  comparaison  est  faite 
sur  la  base  du  rapport  charge  de  rupture/densite. 


ifTZC  '\W+26  Re  W+3Re  — , 

\atress.  relieved  as- drawn  wire 

\  wire.  i 
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Pig.  6  Refractory  alloys.  UTS/ density  Ratio 


Fig.  6  Alliages  r^fractaires.  Resistance  rapport^e  a  la  density 


CHAPTER  V  -  PROTECTIVE  COATINGS 


1.  GENERAL 

1. 1  Essential  Requirements  for  Protective  Coatings 

Studies  aimed  at  perfecting  protective  coatings  for  refractory  metals  are 
dominated  by  the  fact  that  the  metal  to  be  protected  is  very  highly  reactive  to 
oxygen  and,  consequently,  any  imperfection  in  the  coating  (whether  initial  or  developed 
during  use)  renders  it  completely  valueless  in  a  relatively  short  time.  To  be  of  any 
real  practical  use,  a  protective  coating  must  therefore  fulfil  a  great  number  of 
conditions,  the  chief  of  which  are: 

1.  The  coating  must  obviously  not  react,  or  must  react  only  to  a  limited  and 
controlled  extent  (pre-oxidation  treatment)  with  its  immediate  environment  (mainly 
oxygen  or  air)  over  the  entire  temperature  range  from  room  temperature  to  the 
required  working  temperatures.  The  effect  known  as  “pest  oxidation"  must  not 
occur  within  any  intermediate  temperature  range  . 

2.  The  coating  must  provide  effective  protection,  i.e.,  it  must  prevent  or 
reduce  any  diffusion  of  reactive  gases  into  the  base  metal  and  must  be  firmly 
bonded  to  the  base  metal  with  no  porous  areas,  flaws,  cracks  or  other  defects  (in 
certain  cases  the  presence  of  fine  cracks  is  not  always  considered  to  warrant 
rejection). 

3.  At  working  temperatures,  the  coating  must  prevent  or  reduce  any  diffusion  of 
the  base  metal  towards  the  surface  (this  generally  involves  the  use  of  multiple 
coatings,  the  inner  layers  of  which  act  as  barriers). 

4.  At  working  temperatures,  the  coating  itself  must  not  tend  to  diffuse  deeply 
into  the  base  metal,  with  the  consequent  risk  of  modifying  its  various  properties. 

5.  Environmental  conditions:  temperature  (which  may  be  fairly  or  even  very  high), 
pressure  (which  may  be  very  high  or  very  low)  and  the  nature  of  the  gases  present 
play  a  decisive  part  in  the  resistance  of  the  protective  coating. 


•  Temperature  of  rapid  decomposition  in  air  (pest): 
MoSij  900-1470°P  (formation  of  Mo03  +  Si02  powder) 
W3i2  1470-2200°F 

Aluminides  of  Nb  or  Ta  1000-1800°P 
Beryllides  of  Nb  1000-1800°F. 
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CHAPITRE  V  -  REVETEMENTS  PROTECTEURS 


1.  GENERALITES 

1.1  Exigences  Auxquelles  Dolt  Rdpondre  un  Revetement  Protecteur 

La  mise  au  point  de  revdtements  protecteurs  sur  les  mdtaux  rdfractaires  est 
dominde  par  le  fait  que  le  mdtal  4  protdger  est  dminemment  rdactif  avec  1’oxygAne,  et 
par  suite,  toute  imperfection  du  revAtement  (soit  au  ddpart,  soit  crdde  en  service) 
est  absolument  rddhibitoire  A  plus  ou  moins  brAve  dchdance.  Un  revAtement  protecteur 
utilisable  en  service  doit  done  rdpondre  A  de  multiples  conditions,  dont  les 
principales  sont: 

1.  Le  revAtement  protecteur  ne  doit  dvidemment  pas  rdagir,  ou  d’ une  faqon 
limitde  acceptable  et  contr61de  (traitement  de  prd-oxydation) ,  avec  le  milieu 
ambiant  (principalement  oxygAne  ou  air)  et  ceci  sur  tout  le  domaine  de  tempdrature 
allant  de  la  tempdrature  ambiante  A  la  tempdrature  de  service  considdrde;  il  ne 
doit  pas  prdsenter  dans  une  zone  de  tempdrature  intermddiaire  le  phdnomAne  de 
"pest -oxydat ion”  . 

2.  Le  revAtement  doit  At  re  efficacement  protecteur,  c’ est-A-dire:  qu’ il  doit 
dviter  ou  rdduire  toute  diffusion  des  gaz  rdactifs  vers  le  mdtal  de  base,  qu’  il 
doit  Atre  bien  lid  au  mdtal  de  base  et  ne  doit  pas  comporter,  ni  porositds, 
manques,  criques  et  autres  ddfauts  (dans  certains  cas  la  prdsence  de  fines  criques 
n’ est  cependant  pas  toujours  considdrde  comme  rddhibitoire) . 

3.  Aux  tempdratures  de  service,  le  revAtement  protecteur  doit  dviter  ou  rdduire 
toute  diffusion  du  mdtal  de  base  vers  sa  surface  (d’  oA  gdndralement  1’  utilisation 
de  couches  multiples  dont  les  couches  internes  jouent  le  rdle  de  barriAres). 

4. ;  Aux  tempdratures  de  service,  le  revdtement  protecteur  ne  doit  pas  lui-mdme 
avoir  tendance  A  diffuser  profonddment  dans  le  mdtal  de  base,  risquant  de  modifier 
ses  diffdrentes  caractdristiques. 

5.  Les  conditions  du  milieu  bj biant:  tempdrature  (qui  peut  dtre  moyenne  ou  trAs 
dlevde),  pression  (qui  peut  Atre  forte  ou  trAs  faible),  nature  des  gaz,  ont  un 
r61e  ddterminant  quant  A  la  tenue  du  revdtement  protecteur. 


•  Tempe'rature  de  decomposition  rapide  dans  1’ air  (pest): 
MoSi2  480-800°C  (formation  de  Mo03  +  poudre  Si02) 

WSi2  8  00-1.  200°C 

aluminiures  de  Nb  ou  Ta  540-C30°C 
berylliures  de  Nb  540-980°C. 


6.  The  processes  employed  for  applying  the  protective  coating  (particularly  the 
effects  of  heating  and  heat  treatments  subsequent  to  application  for  the  purpose 
of  bonding  the  coating  to  the  base  metal  by  the  controlled  diffusion  effect)  must 
be  prevented  from  adversely  affecting  the  base  metal  (especially  its  ductility  and 
mechanical  strength)  by  causing  contamination  or  recrystallization. 

7.  The  effects  referred  to  in  the  foregoing  paragraphs  2,  3,  4  and  6  may  be 
strongly  influenced  by  minor  additions  to  the  composition  of  tne  coating  and  by 
the  composition  of  the  refractory  alloy  to  be  protected. 

8.  The  presence  of  a  coating  must  produce  as  little  change  as  possible  in 
properties  of  the  base  metal,  such  as  mechanical  properties,  ductility,  ductile-to- 
brittle  transition,  creep  or  fatigue). 

9.  At  the  same  time,  the  coating  must  be  able  to  follow  any  b,,w<  jents  of  the  base 
metal.  It  must  therefore  have: 

a  certain  amount  of  tensile  and  bending  ductility  at  room  temperature  and  at 
high  temperatures; 

a  coefficient  of  expansion  compatible  with  that  of  the  base  metal; 
high  resistance  to  thermal  shock  and  thermal  cycling; 
high  resistance  to  mechanical  shock. 

On  these  last  two  points,  the  base-metal/coating  combination  must  be  regarded  as 
one  material. 


10.  As  the  conditions  mentioned  in  Section  2  are  frequently  difficult  to  meet  in 
full,  any  deficiency  must  be  capable  of  being  remedied  by  “self-healing” 
properties  or  by  the  remote  protection  effect  produced  by  the  actual  presence  of 
the  coating. 

11.  Examination  of  the  physical  properties  of  the  coating  (emissivity  in 
particular)  must  not  be  neglected. 

12.  The  method  of  applying  the  coating  must  be  suitable  for  practical  conditions: 
nieces  of  complex  shape,  sharp  edges,  etc.  Where  assembly  is  required,  it  is 
necessary  to  consider: 

-  the  problem  of  joining  up,  if  the  different  parts  of  the  structure  are 
treated  before  assembly; 

-  the  problem  of  coating  a  pre-assembled  structure  (dimensions,  penetration  of 
coating  into  joints). 

13.  The  problem  of  the  inspection  of  coatings  before  they  are  brought  into  service 
requires  further  study. 

14.  Finally,  in  order  to  make  comparison  more  comprehensive,  the  laboratory 
testing  of  protective  coatings  must  be  standardised  • 

*  See,  for  instance,  the  Materials  Advisory  Board  teport  MAB  189M  "Evaluation  Procedures  for 
Screening  Coated  Refractory  Metal  Sheet”,  (15th  February,  1963). 
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6.  Les  processus  d’ application  du  rev§tement  protecteur  (en  particulier  les 
effets  de  chauffage  et  les  traitements  thermiques  postdrieurs  k  1* application, 
utilises  pour  rdaliser  1* accrochage  du  revdtement  par  phdnomdne  de  diffusion 
contrdlde)  ne  doivent  pas  non  plus  avoir  une  influence  ndfaste  sur  le  mdtal  de 
base  (particulidrement  sur  sa  ductility  et  sa  resistance  mdcanique)  en 
provoquant  par  exemple,  soit  des  contaminations,  soit  une  recristallisation. 

7.  Les  phdnomdnes  mis  en  jeu  dans  les  points  2-3-4-6  ci-dessus  peuvent  fitre 
fortement  influences  par  des  additions  mineures  dans  la  composition  du  revdtement 
et  par  la  composition  de  1* alliage  rdfractaire  4  protdger. 

8.  La  presence  d*  un  revdtement  protecteur  ne  doit  modifier  qu’  aussi  peu  que 
possible  les  diverses  caractdristiques  (caractdristiques  mdcaniques  -  ductilitd  - 
transition  ductile -fragile  -  fluage  -  fatigue)  du  metal  de  base. 

9.  En  rndme  temps,  le  revdtement  protecteur  doit  pouvoir  suivre  les  mouvements  du 
metal  de  base.  II  doit  done  possdder: 

une  certaine  ductilitd  en  traction  ou  en  flexion  &  la  temperature  ambiante  et 
&  haute  temperature; 

un  coefficient  de  dilatation  compatible  avec  celui  du  metal  de  base; 
une  bonne  resistance  au  choc  thermique  et  au  cyclage  thermique; 
une  bonne  resistance  au  choc  mecanique. 

Pour  les  deux  points  ci-dessus,  on  doit  considerer  le  couple  metal  de  base- 
revdtement  comme  un  tout. 

10.  Les  exigences  du  point  2  etant  le  plus  souvent  tr£s  difficiles  4  respecter 
integralement,  cette  ddfail lance  doit  pouvoir  £tre  compensde  par  des  propridtds 
d’  auto-reparation  ou  de  protection  k  distance  par  simple  effet  de  presence. 

11.  L’examen  des  propriety  physiques  du  revdtement  (et  particulidrement  le 
pouvoir  emissif)  ne  doit  pas  dtre  neglige. 

12.  La  methode  d’  application  du  revet ement  protecteur  doit  dtre  adaptable  4  la 
pratique:  pieces  de  forme  complexes,  probldme  des  "edges".  Dans  le  cas 

d’  assemblage,  il  y  aura  lieu  d’  envisager: 

-  le  probldme  pose  par  les  liaisons,  si  les  differentes  parties  de  la 
structure  sont  traitdes  avant  d’  Stre  assembiees; 

-  le  probldme  pose  par  le  revStement  d’  une  structure  prealablement  assemblde 
(dimensions  -  penetration  du  revdtement  dans  les  joints). 

13.  Le  probldme  du  contrdle  des  revdtements  avant  mise  en  service  est  k  mettre 
au  point. 

14.  Enfin,  pour  permettre  une  comparaison  plus  comprehensive,  les  essais  de 

laboratoire  effectuds  sur  revdtements  doivent  dtre  standardises. _ 

Voir,  par  exemple,  Materials  Advisory  Board  rapport  MAB  189M  “Evaluation  Procedures  for 
Screening  Coated  Refractory  Metal  Sheet"  (Feb. 15,  1963). 
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1.2  Brief  Review  of  the  Most  Advanced 
Protective  Coatings 

The  protection  of  refractory  netals  may  be  approached  from  the  following  basic 
angles: 

(a)  Mechanical  cladding  of  the  surface  with  foil; 

(b)  Electroplating  of  metals,  alloys  or  alloy  +  cermet  combinations  in  one  or  more 
layers: 

(c)  Cementation-type  coating  (either  with  powder  or  in  the  gaseous  phase)  in  one  or 
mere  steps,  followed  by  thermal  diffusion  treatment  -  with  special  mention  of 
siliciding  and  chromizing; 

(d)  Dipping  in  a  molten  metal  or  a  slurry; 

(e)  Painting  or  spraying  with  a  slurry; 

(f)  Plating  by  immersion  in  molten  salts; 

(g)  Metallisation  spraying  (flame  or  plasma  method),  generally  in  several  passes; 

(h)  Ceramic,  porcelain  or  enamel  type  coatings,  principally  by  electrophoresis, 
followed  by  sintering. 

Two  or  more  of  these  processes  may  be  combined  to  give  multilayer  protection. 

All  the  above  processes  have  been  applied,  with  varying  degrees  of  success,  to  the 
four  refractory  metals  and  their  alloys. 

There  is  no  ideal  protective  coating  which  fulfils  all  the  conditions  set  out  in 
Section  1.1.  The  most  suitable  coating  has  to  be  studied  and  selected  according  to 
the  special  conditions  of  forming  and  use  envisaged. 

The  protective  coatings  which  nave  given  the  most  promising  results  are  listed 
below,  with  their  performances. 


2.  PROTECTIVE  COATINGS  FOR  NIOBIUM  AND  NIOBIUM  ALLOYS 
2.1  Types  of  Coating 

Three  main  types  of  protective  coating  seem  to  be  worth  while,  the  principal 
problem  to  be  considered  being  that  of  re-entry  and  the  second  being  that 
of  turbine  blades: 

coating  by  spray  metallisation; 

coating  by  dipping  in  a  molten  metal  or  slurry; 

coating  of  the  type:  cementation  +  diffusion  treatment. 
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1. 2  Breve  Revue  des  Systemes  Protecteurs  Actuellement 
les  Plus  Avancds 

La  protection  des  mdtaux  rdfractaires  peut  dtre  envisagde  par  les  moyens  de 
base  suivants: 

(a)  Placage  mdcanique  de  tdles  minces  sur  la  surface; 

(b)  Electroddposition  de  mdtaux,  d’ alliages,  ou  de  combinats  d'  alliage-cermet,  en 
couche  unique  ou  multicouches; 

(c)  Ddpdcs  du  type  cementation  (soit  dans  une  poudre,  soit  en  phase  gazeuse)  uni- 
ou  multi -couches,  suivis  de  traitement  thermique  de  diffusion.  Avec  mention 
particulidre  de  la  siliciuration  et  de  la  chromisation; 

(d)  Ddpdt  par  trempd  dans  un  mdtal  fondu  ou  dans  une  bouillie; 

(e)  Application  au  pinceau  d’  une  bouillie,  ou  par  projection. 

(f)  Ddpdt  par  immersion  en  sels  fondus; 

(g)  Application  par  metallisation  par  projection  (flamme  ou  plasma),  en  gdnAral 
multicouches; 

(h)  Depdts  du  type  cdramique  ou  porcelaine  ou  dmaux,  principalement  par 
dlectrophorAse,  suivis  de  frittage. 

Deux  ou  plusieurs  de  ces  processus  peuvent  Otre  combines  pour  obtenir  des 
revfitements  mult.icouches. 

Tous  ces  procddds  ont  dtd  appliquds  avec  plus  ou  moins  de  succAs  aux  quatre  mdtaux 
rdfractaires  et  A  leurs  alliages. 

II  n'existe  pas  de  revdtement  protecteur  iddal,  rdpondant  A  toutes  les  conditions 
dnumdrdes  en  Section  1.1.  Le  revdtement  devra  dtre  dtudid  ou  choisi  en  fonction  des 
conditions  particuliAres  de  mise  en  oeuvre  et  de  service  envisagdes. 

Les  revOtements  protecteurs  ayaat  donnd  les  rdsultats  les  plus  prometteurs,  et  leurs 
performances,  sont  mentionnds  ci-apres. 


2.  REVETEMENTS  PROTECTEURS  POUR  NIOBIUM  ET  ALLIAGES  DE  NIOBIUM 
2. 1  Types  de  Revdtements 

Trois  types  principaux  de  revdtements  semblent  valables,  le  problAme  principal 
examind  dtant  celui  de  la  rd-entrde,  et  en  second  lieu  celui  des  aubes  de  turbine: 


ddpfits  type  mdtallisation  par  projection; 
ddpOts  au  trempd  en  mdtal  fondu  ou  en  bouillie; 
ddpSts  type  cdmentation  +  traitement  de  diffusion. 


A  general  picture  is  given  by  the  following  table: 


Class 

Organisation 

Reference 

Type 

Sprayed 

Union  Carbide 

LM5 

Alloy  Mo-Si-Cr-Al -B 

coating 

Union  Carbide 

LM5G 

Alloy  Nb-Ti-Cr-Ni-Al  +  IM5 

General  Electric 

Syst.  400 

Oxide  of  A1  +  glass 

Coating  by 

Sylvania 

Syl  30* 

Al-Sn 

hot -dipping 

General  Electric 

Aldico 

Al-Si  or  Al-Cr-Si 

or  by 

General  Electric  and  McDonneil 

LB2* 

Al-Cr-Si 

slurry 

Naval  Research  Laboratory 

- 

Zn  or  Zn-Al 

North  American  Aviation 

NAA-85 

A1  +  ceramic 

Silicide 

Chance  Vought 

V  VI*  VII 

Modified  by  Cr-B  or  Cr-Al 

base 

Chromalloy 

W2* 

Modified  by  Mo-Cr 

coating 

Chromising 

Durak  XA 

Modified  by  Mo 

Pratt  and  Whitney 

PWC* 

(Ti-Si)  +  Cr 

Thompson  Ramo  Wooldridge 

TRW* 

Modified  by  Cr-Ti 

Pfaulder 

Boeing 

PFR  2M* 

Modified  by  Cr  or  Cr-Mo 

General  Telephone  and  Electronics 

R  506* 

R  508 

Preliminary  titanisation 

*  Coatings  with  the  best  general  properties. 


2 .1.1  Spray  Metallisation 
LM5  (Union  Carbide  -  Linde) 

Powder  of  a  previously  sintered  alloy  (Mo  40%  -  Si  40%  -  Cr  8%  -  A1  10%  -  B  2%) 
sprayed  with  oxy-acetylene  flame  or  plasma-arc. 

Protection*:  lOOOh  at  2100°P,  lOOh  at  2700°P. 

Advantage:  good  oxidation  resistance. 

Disadvantage :  limitations  of  flame -spraying  rrocesses  from  the  point  of  view  of 
shapes  and  regularity  -  very  sensitive  to  thermal  and  mechanical  shock  -  little  self- 
healing  effect. 

LM5G  (Union  Carbide) 

Duplex:  under-coating  of  the  alloy  G418  (Nb  42%  -  Ti  29%  -  Cr  11%  -  Ni  9%  -  A1  9%) 
or  D947  (Nb  44%  -  Ti  31%  -  Cr  10%  -  Ni  10%  -  A1  5%)  topped  w4th  a  coating  of  LM5. 

Protection:  loOOh  at  2100°P,  200h  at  2700°P. 

_ M _ 

*  The  term  "protection",  as  used  here  and  elsewhere  in  this  chapter,  applies  to  tests  in  still 
air  at  atmospheric  pressure,  unless  otherwise  stated. 
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Une  vue  d' ensemble  est  donnde  par  le  tableau  suivant: 


Classe 

Organisation 

Repere 

Type 

Revdtement 

par 

projection 

Union  Carbide 

Union  Carbide 

General  Electric 

LM5 

LM5G 

Syst.  400 

Alliage  Mo-Si -Cr-Al-B 

Alliage  Nb-Ti-Cr-Ni-Al  +  UI5 
Oxyde  d’  Al  +  verre 

Revdtement 
au  trempd 
ou  par 

bouillie 

Sylvania 

General  Electric 

General  Electric  et  McDonnell 
Naval  Research  Laboratory 

North  American  Aviation 

Syl  30* 

Aldico 

LB2* 

NAA-85 

Al-Sn 

Al-Si  ou  Al-Cr-si 

Al-Cr-Si 

Zn  ou  Zn-Al 

Al  +  cdramique 

Revdtement 
k  base'de 
siliciure 

Chance  Yought 

Chromalloy 

Chromizing 

Pratt  and  Whitney 

Thompson  Ramo  Wooldridge 

Pfaudler 

Boeing 

General  Telephone  and  Electronics 

V  IV*  VII 
W3* 

Durak  KA* 
PWC* 

TRW* 

PFR  2M* 

R  506* 

R  508 

Modifid  par  Cr-B  ou  Cr-Al 
Modifid  par  Mo-Cr 

Modifid  par  Mo 
(Ti-Si)  1-  Cr 

Modifid  par  Cr-Ti 

Modifie  par  Cr  ou  Cr-Mo 

Titanisation  prealable 

*  RevStements  presentant  les  meilleures  caracteristiques  d’  ensemble. 

2.1.1  Metallisation  par  Projection 
LM5  (Union  Carbide  -  Linde) 

Poudre  d’  un  alliage  prdalablement  frittd  (Mo  40%  -  Si  40%  -  Cr  8%  -  A1  10%  -  B  2%) 
projetde  par  flamme  oxyacdtyle'nique  ou  au  plasma-arc. 

Protectiont;.  l.OOOh  a  1. 150°C  -  lOOh  k  1.500°C. 

Avantage:  bonne  resistance  a  l’oxydation. 

Inconvenient :  limitation  des  processus  par  flame-spraying  du  point  de  vue  des 
formes  et  de  la  rdgularitd  -  tres  sensible  aux  chocs  thermiques  ou  mdcaniques  -  trds 
peu  auto-rdparateur  (self-healing). 

U»5G  (Union  Carbide) 

Duplex:  couche  de  base  d’  alliage  G418  (Nb  42%  -  Ti  29%  -  Cr  11%  -  Ni  9%  -  Al  9%) 
ou  D947  (Nb  44%  -  Ti  31%  -  Cr  10%  -  Ni  10%  -  Al  5%)  et  couche  exte'rieure  de  UI5. 

Protection:  1.500h  k  1.150°C  -  200h  k  1.500°C. 


t  Lie  tense  “protection”  utilise'  ici  et  dans  la  suite  s’  applique  a  un  essai  en  air  calme,  a  la 
pression  atmospherique,  sauf  precision  contraire. 


Advantages:  retains  the  high  oxidation  resistance  of  LM5  and  stands  up  better 
to  thermal  shock  (will  stand  30  immersions  in  cold  water  from  2100°P). 

Disadvantage:  still  has  the  limitations  of  the  flame -spraying  process  as  regards 
shapes. 

FPLD  -  System  400  (General  Electric) 

Aluminium  oxide  +  glass  as  a  binder.  Firing  at  2500-2700°F. 

Protection:  500h  at  2300°F,  lOOh  at  2500°F. 

Advantages:  plasticity  good  at  temperatures  over  2000°F  -  can  be  applied  to  Nb  or 
alloys  without  distinction  -  little  interaction  with  base  metal  up  to  2550°F. 

Disadvantages:  owing  to  the  method  of  application  it  is  not  very  successful  on 
complicated  shapes,  sharp  angles,  etc.  High  firing  temperature. 

2.1.2  Hot-Dipping 
gyl  30  (Sylvania) 

On  Nb  and  F48:  “titanisation"  (pack)  treatment,  followed  by  immersion  in  a  molten 
alloy  Al-Cr-Si  or  Al-Sn  (Sy  34S). 

On  D31:  no  previous  surface  treatment  -  immersion  in  a  molten  Al-Cr-Ti  alloy. 

In  both  cases,  it  is  finished  by  one  hour’ s  diffusion  heat  treatment  at  1900°F 
under  argon  atmosphere  in  a  mixture  of  A1  and  A1203. 

Thickness:  25-100  microns. 

Protection:  300h  at  2300°F,  25h  at  2500°F. 

Advantages:  satisfactory  protection  up  to  2500°F  -  uniform  thickness  -  little 
effect  on  metallurgical  properties  of  the  base  metal  -  cold  plasticity  fairly  good. 

Disadvantages:  “titanisation”  needed  -  high  temperatures  for  application  and  heat 
treatment  -  difficult  to  apply  to  complex  shapes  -  effect  of  thermal  shock  rather 
harmful  at  2500°F. 

Aldico  (General  Electric) 

Immersion  (3  minutes)  in  the  molten  alloy  A1-S115  or  Al-Crl0-Sil2  (at  1700°F) 
with  flux.  Diffusion  heat  treatment  under  vacuum  (lh  at  1900°F). 

Protection:  lOh  at  2500°F. 

Advantage:  applicable  to  Nb  metal  and  to  F48,  F50  and  FS82. 

Disadvantages :  inter-diffusion  -  rather  limited  protection. 
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Avantages:  conserve  la  bonne  resistance  k  1*  oxydation  du  IA15  et  amdliore  la  tenue 
au  choc  thermique  (tenue  de  30  trempes  k  1’  eau  froide  depuis  1.150°C>. 

Inconvenient:  reste  soumis  aux  limitations  de  forme  du  flame-spraying. 

FPLD  -  System  400  (General  Electric) 

Oxyde  d’ aluminium  +  verre  fcrmant  liant  -  cuisson  k  1. 350-1. 500°C. 

Protection:  500h  k  1.260°C  -  lOOh  k  1.370°C. 

Avantages:  bonne  plasticity  A  temperature  sup^rieure  k  1. 100°C-applicable  sans 
distinction  4  Nb  ou  alliages.  Peu  d’  interaction  jusqu’ A  1.400°C  avec  le  metal  de 
base. 

Inconvenient s du  fait  du  processus  d’ application,  trAs  peu  de  succAs  sur  formes 
complexes,  angles  aigus,  etc.  -  temperature  eievee  de  cuisson. 

2.1.2  Immersion 
Syl  30  (Sylvania) 

Sur  Nb  et  F48:  traitement  de  “titanisation”  (pack),  puis  trempe  dans  un  alliage 
fondu  Al-Cr-Si  ou  Al-Sn  (Sy  34S). 

Sur  D31:  pas  de  traitement  de  surface  prdalable  -  trempe  dans  un  alliage  fondu 
Al-Cr-Ti. 


Dans  les  deux  cas,  on  termine  par  un  traitement  thermique  de  diffusion  de  lh  k 
1. 040°C  sous  argon  dans  un  melange  A1-A1203. 

Epaisseur:  25  k  100  microns. 

Protection:  >300h  k  1.250°C  -  25h  a  1.370°C. 

Avantages:  protection  satisfaisante  jusqu’ a  1.370°C  -  epaisseur  uniforme  -  peu 
d’  effet  sur  les  caracteristiques  metallurgiques  du  me'tal  de  base  -  plasticite  assez 
bonne  k  froid. 

Inconvenients:  necessity  de  “titaniser”  -  temperature  eievee  d' application  et  de 
traitement  thermique  -  difficilement  applicable  aux  formes  complexes  -  effet  quelque 
peu  aefaste  du  choc  thermique  k  1.370°C., 

Aldico  (General  Electric) 

Trempe  (3  minutes)  dans  alliage  iondu  A1-S115  ou  Al-Crl0-Sil2  (k  925°C)  sous  flux 
traitement  thermique  de  diffusion  sous  vide  (lh  a  1.040°C), 

Protection:.  lOh  k  1.370°C. 

Avantage:  applicable  4  Nb  non  allie,  de  m£me  qu’ A  P48,  P50,  PS82. 

T.nconv6nients :  interdiffusion  -  protection  assez  limitee. 


LB2  (General  Electric) 


Immersion  in  a  metal  slurry  formed  from  the  powdered  alloy  Al-Crl0-Sil2  + 
acetone  +  xylene  +  binder  (bentone)  -  or  may  be  painted  on  -  drying  followed  by 
painting  with  an  A1  paste  (Reynolds  30  LN)  or  second  dip  -  final  diffusion  heat 
treatment  (1  hour  at  1900°P  under  argon  atmosphere).  Average  thickness:  75  microns. 

Protection:  lOh  at  2500°P  (slightly  improved  by  electro-plating  base  metal  with 
silver)  2h  at  2600°P. 

Advantages:  easy  to  apply  at  low  temperatures  and  adaptable  to  complex  shapes. 

An  experimental  rudder  assembly  in  P48  was  given  this  type  of  coating..  Little  effect 
on  metallurgical  properties  of  protected  metal. 

Disadvantages:  rather  limited  protection  -  not  very  effective  on  the  alloy  FS82  - 
thick,  uneven  coating. 

PWC  1  (Pratt  and  'Whitney) 

Application  by  immersion  in  a  molten  alloy  of  Al-Cr. 

Protection:  1500h  at  1800°P. 

Advantages:  limited  interaction  with  base  metal  -  plasticity  good  at  1800°F. 

Disadvantages:  maximum  protection  temperature  limited  -  difficult  to  apply  to 
complicated  shapes. 

Zinc  (Naval  Research  Laboratory) 

Applied  by  immersion  in  molten  zinc  or  zinc  vapour.  Diffusion  heat  treatment 
24h  at  1600°P. 

Protection:  lOOOh  at  1800°F,  700h  at  2000°P,  150h  at  2200°F.  (Alloy  Zn  10%  Al). 

Advantages:  simple  to  apply,  self-healing  at  temperatures  over  1600°F. 

Disadvantages :  working  temperature  limited  to  2000-2200°P  -  formation  of  brittle 
intermotallic  compounds  with  base  niobium  (disadvantage  somewhat  reduced  by  using  the 
alloys  Zn-Ti,  Zn-Zr,  Zn-Al  or  Zn-Ni-Al). 

Aluminide  (North  American  Aviation)  NAA  85 

Deposit  (by  spraying,  dipping  or  painting)  of  a  slurry  of  aluminium  (or  alloy) 
powder  +  ceramic,  in  an  organic  liquid  -  diffusion  heat  treatment:  lh  at  1900°P 
under  argon  atmosphere. 

Protection:  more  than  5h  at  2600°F. 
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LB2  (General  Electric) 

Trerape  dans  une  bouillie  formde  de  poudre  de  1’  alliage  Al-Crl0-Si2  +  acetone  + 
xylene  +  liant  (bentone)  (ou  peut  dtre  passde  au  pinceau)  -  sdchage  -  puis  peinture 
avec  une  pfite  d’  A1  (30  IK  de  Reynolds)  ou  nouveau  trempd  -  enfin  traitement  thermique 
de  diffusion  (lh  A  1.040°C  sous  argon).  Epaisseur  moyenne:  75  microns. 

Protection:  lOh  A  1.370°C  (ldgArement  amdliorde  avec  dlectroplacage  d’ argent  sur 
le  metal  de  base)  -  2h  A  1.400°C. 

Avantages:  application  facile  A  basse  temperature  et  adaptable  aux  formes  complexes. 
Un  "Rudder  Assembly”  en  P48  experimental  a  requ  ce  type  de  rev§tement  -  pen  d’  action 
sur  les  caractdristiques  metallurgiques  du  metal  protege. 

Inconvenient s:  protection  assez  limitee  -  peu  efficace  sur  alliage  FS82  -  rev£tement 
dpais  et  irregulier. 

PWC1  (Pratt  and  Whitney) 

Application  au  trempd  dans  un  alliage  Al-Cr  fondu. 

Protection:  1.500h  A  1.000°C. 

Avantages:  interaction  limitee  avec  le  metal  de  base  -  bonne  plasticite  A  1.000°C. 

Inconvenient s:  temperature  maximum  de  protection  limitee  -  difficilement  applicable 
aux  formes  complexes. 

Zinc  (Naval  Research  Laboratory) 

Application  au  trempd  dans  le  zinc  fondu  ou  en  vapeur.  Traitement  thermique  de 
diffusion  24h  A  870°G. 

Protection:  l.OOOh  A  1.000°C  -  700h  A  1.100°C  -  150h  A  1.200°C  (alliage  Zn  +  10%  Al). 

Avantages:  application  simple  -  auto-rdparateur  aux  temperatures  superieures  A  870°C. 

Inconvenients :  temperature  de  service  limitee  A  1. 100-1.  200°C  -  formation  de  composes 
intermetalliques  fragiles  avec  le  niobium  de  base  (desavantage  quelque  peu  rdduit 
en  utilisant  des  alliages  Zn-Ti,  Zn-Zr,  ou  Zn-Al  ou  Zn-Ni-Al). 

Aluminiure  (North  American  Aviation)  NAA85 

Dep6t  (par  projection,  trempd  ou  peinture)  d’une  bouillie  de  poudre  d’ aluminium  (ou 
alliage)  +  ceramique,  dans  un  liquide  organique  -  traitement  thermique  de  diffusion: 
lh  A  1.040°C  sous  argon. 

Protection:  superieure  A  5h  A  1.430°  (sur  PS82). 
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Advantages:  Easy  to  apply  -  adaptable  to  complex  shapes  -  no  action  on 
metallurgical  properties  of  the  protected  metal  -  little  pest  effect  -  stands  up  to 
more  than  0.25h  at  2300°F  in  10“5  torr  vacuum. 

Disadvantage :  thick,  uneven  coating. 

Aluminide  (Pratt  and  Whitney) 

Cathodic  deposition  of  aluminium  in  a  bath  of  Na3AlF6  (+  10-20%  A1203) 
1360-1800°F.  Final  diffusion  heat  treatment:  4-8h  at  1600-1750°F. 

Protection:  more  than  50h  at  2400°F  -  25  hours  at  2550°F. 

Improvement  of  pest  effect  is  possible  by  addition  of  3-5%  Si. 

2.1.3  Cementation  and  Diffusion 

Silicide  of  Nb  alone  is  not  very  effective  (resistance  to  oxidation  distinctly 
inferior  to  that  of  silicide  of  Mo). 

..  ...  „  ...  fvought  II  Si-Cr-Al 

Silicide  (Chance  Vought)  •(..  .....  _ 

-  | Vought  IV  Si-Cr-B 

Pack -cementation  type  silicide,  with  possible  use  of  a  protective  inert  gas. 
Operated  in  two  cycles  of  16h  at  1900°F  -  followed  by  diffusion  heat  treatment  in 
air:  32h  at  1900°F,  lh  at  2000°F. 

Average  thickness  50  microns. 

Protection:  150h  at  2000°F  on  D14  -  2h  at  2500°F.  May  be  brought  up  to  lOh  at 
2600°F  by  using  an  even  more  complex  process  involving  an  additional  top  coating  of 
Cr-Al  or  Cr-B  or  Cr-B-Fe. 

Advantages:  uniform  thickness,  very  thin  -  can  be  applied  to  small  pieces  of 
complex  shape  -  littL;  appreciable  effect  on  the  metallurgical  properties  of  the 
base  metal  -  can  be  p.pplied  to  Nb,  Nb-lZe,  C103  and  D13. 

Disadvantages:  complex  multicycle  process  -  protection  limited  at  temperatures 
over  2400°F.  Strong  embrittlement  of  B66. 

PWC2  (Pratt  and  Whitney) 


Silicide  modified  by  "1  +  chromizing. 

Average  thickness:  50  microns. 

W2  (modified)  (Chromalloy) 

Vapour-coating  in  hydrogen  atmosphere,  followed  by  diffusion.  Temperature  about 
2100 °F.  Details  of  the  process  have  not  been  released.  It  is  probably  a  Mo 
silicide  with  a  chromium  addition. 
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Avontages:  application  facile  -  adaptable  aux  formes  complexes  -  pas  d’  action  sur 
les  caractAristiques  mAtallurgiques  du  mAtal  protAgA  -  pest -phenomenon  peu  marquA  - 
tenue  de  plus  de  0,25h  A  1.250°C  sous  vide  de  10'5  torr. 

Inconvenient:  revAtement  Apais  et  irre'gulier. 

Aluminiure  (Pratt  &  Whitney) 

DApdt  cathodiquc  d’ aluminium  dans  un  bain  fondu  de  Na3AlF.  (+  10  A  20%  A1203)  A 
730-1. 000°C.  Traitement  final  de  diffusion  4  A  8h  A  870-S80°C. 

Protection:  plus  de  50h  A  1.300°C  -  25h  A  1.400°C. 

Amelioration  possible  de  la  "pest”  par  addition  de  3-5%  Si. 

2.1.3  Cementation  et  Diffusion 

Le  siliciure  de  Nb  seul  est  peu  efficace  (resistance  A  1’  oxydation  nettement 
infArieure  a  ceile  du  siliciure  de  Mo). 

„  ...  jVought  II  Si  Cr  A1 

Siliciure^  (Chance  Vougbt)  |V00Bht  „  M  „ 

Siliciuration  du  type  pack-cementation  pouvant  utiliser  un  gaz  neutre  protecteur. 
OpArAe  en  deux  cycles  de  16h  A  1. 040°C  -  suivie  d’  un  traitement  thermique  de  diffusion 
dans  l’air  de  32h  A  1.040°C  +  lh  A  1.090°C. 

Epaisseur  moyenne:  50  microns. 

Protection:  150h  A  1. 100°C  sur  D-14.  2h  A  1.370°C.  Peut  atteindre  lOh  a  1.430°C 
en  -tilisant  un  processus  encore  plus  complexe  amenant  le  dApfit  d’  une  couche  exterieure 
suppiementaire  de  Cr-Al  ou  Cr-B  ou  Cr-B-Fe. 

Avantages:  Apaisseur  uniforme  et  trAs  fine  -  applicable  A  de  petites  piAces  de 
forme  complexe  -  effet  peu  sensible  sur  les  caractAristiques  mAtallurgiques  du  mAtal 
de  base  -  applicable  A  Nb.  Nb-lZr,  C103,  D31. 

Inconvenient s:  processus  complexe  multicycle  -  protection  limitAe  A  temperature 
supArieure  A  1.300°C.  Forte  fragilisation  de  1’ alliage  B66. 

PWC2  (Pratt  and  Whitney) 

Siliciure  modifiA  par  Ti  +  chromisation. 

Epaisseur  moyenne:  50  microns. 

W3  modifiA  (Chromalloy) 

Vapor-deposition  dans  une  atmosphAre  d’hydrogAne,  suivie  de  diffusion.  TempArature 
de  1’  ordre  de  1. 150°C.  Les  dAtails  du  procAdA  ne  sont  pas  rAvAlAs.  II  s’  agit 
probablement  d’un  siliciure  de  Mo  avec  adjonction  de  chrome. 
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Average  thickness:  80  microns. 

Protection:  1300h  at  1800°F  -  250h  at  2000°P  -  150h  at  2450°P  -  lOOh  at  2500°P. 

Advantages:  very  thin  even  coating  -  applied  in  a  single  treatment  -  applicable 
to  very  large  dimensions. 

Disadvantages:  Operation  in  hydrogen  atmosphere  leads  to  considerable  brittleness 
in  the  base  metal  -  application  not  very  useful  tor  alloys  containing  T1  or  Zr  - 
brittle  at  temperatures  below  2000°P  -  limited  protection  at  temperatures  over 
2550°P. 


Durak  KA  (Chromizing) 


Vapour-coating  with  a  modified  Mo  silicide  in  hydrogen  atmosphere, 
process  are  not  released. 

Protection:  3h  at  2700°P  (on  alloy  PS82). 

Advantages:  ] 


as  modified  W2 


Disadvantages :  J 

Modified  Silicide  (Thompson  Ramo  Wooldridge) 


Details  of  the 


This  process  is  basically  a  multi -coat  application  in  the  vapour  phase  under 
vacuum  conditions: 


first  coating  -  titanisation  by  deposit  of  "KF  activated  titanium  powder  pack” 
type,  8h  at  2100°P,  in  10“ 2  vacuum. 

formation  by  “KF  activated  pack”  process  of  a  coating  of  Cr-Ti  (50/50)  or 
Cr-Ti-Si  or  Cr-Ti-Al:  8h  to  24h  at  2300°F  at  pressure  of  1.5  torr. 

finally,  siliciding  in  the  vapour  phase  under  previously  formed  vacuum.  5h  at 
2150°F,  with  KF  activator. 


Average  thickness:  60  microns. 


Protection:  on  D31  or  D41 
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2800°F 

on  F48  . 

•  •  •  • 

50h 

at 

2500°F 

on  Nb  metal 

■  ■  •  • 

40h 

at 

2500°F 

on  D14 

|  150h 

at 

2300°F 

1  25h 

at 

2600°F 

cyclic 

test 


i 


5 

| 

I 

I 

I 

l 
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Epaisseur  moyenne:  80  microns. 

Protection:  1.300h  4  1.000°C  -  250h  4  1.10<f°C  -  150h  4  1.350°C  -  lOOh  4  1.370°C, 

Avantages:  couche  uniforme  et  tr4s  mince  -*  application  en  un  seul  traitement  - 
applicable  4  de  plus  grandes  dimensions. 

Inconvinients:  s’ effectue  en  atmosphere  d’ hydrog4ne,  d’ o4  fragilisation 
importante  du  metal  de  base  -  application  peu  fructueuse  aux  alliages  contenant  Ti 
ou  Zr  -  fragile  4  temperature  infdrieure  4  1. 100°C  -  protection  limitde  4  temperature 
supdr ieure  4  1.400°C. 

Durak  KA  (Chromizing) 

Vapor -deposition  d’  un  siliciure  de  Mo  modifie  en  atmosphere  d’  hydrog4ne.  Les 
details  du  procddd  ne  sont  pas  rdveids. 

Protection:  3h  4  1.470°C  (sur  alliage  PS82). 

Avantages: 

Inconvenients : 

Siliciure  modifie  (Thompson  Ramo  Wooldridge) 


comme  W2  modifie 


II  s’  agit  basiquement  d’  un  processus  d'  application  multicouches  en  phase  vapeur 
sous  vide: 

p  ’emiere  couche  de  “titanisation"  par  ddpdt  type  "KP  activated  titanium  powder 
pack”  8h  4  1.140°C,  sous  vide  de  10' ?  tcrr. 

puis  formation  par  “KP  activated  pack”  d’  une  couche  de  Cr-Ti  (50/501  ou  Cr-Ti-Si 
ou  Cr-Ti -A1  -  8h  4  24h  a  1.260°C,  sous  pression  de  1,5  torr. 

enfin  siliciuration  en  phase  vapeur  sous  vide  prealable:  5h  4  1.175°C,  avec 
KP  activator. 

Epaisseur  moyenne:  60  microns. 


i:  sur  D31  ou  D41  .. 

..  100 

4 

200h 

4 

1 . 090°C 

250 

- 

lOOh 

4 

1. 260°C 

100 

- 

8  Oh 

4 

1. 370°C 

>15h 

4 

1. 430°C 

5h 

4 

1. 480°C 

lh 

4 

1 . 540°C 

sur 

P48 . 

.  . 

50h 

4 

1. 370°C 

sur 

Nb  non  allid  .. 

,  , 

.  40h 

4 

1. 370°C 

sur 

D14 . 

|  150h 

4 

1.260% 

•  * 

] 

25b 

4 

l. 430°C 

essai 

cyclique 


Advantages:  dense,  uniform  coating,  but  relatively  thick  -  adaptable  to  complex 
shapes  -  good  protection  at  2500°F.  Pre-oxidation  treatment  appreciably  improves 
resistance  to  thermal  shock.  No  change  in  the  creep  resistance  of  FS82  at  2500°F. 

Disadvantages:  coating  cycle  very  complex  -  need  to  operate  in  vacuum  -  very  brittle 
at  room  temperature  -  high  coating  temperature,  giving  bad  effect  on  metallurgical 
properties  at  room  temperature  and  particularly  on  ductlle-to-brittle  transition 
temperature.  Example:  uncoated  B66:  -200°P;  coated  866:  -rl70°F;  coated  and 
oxidised  72h  at  2500°P:  +275°P.  Creep  resistance  at  high  temperatures  is 
unchanged. 

FS85  also  becomes  brittle. 

Tb*'  bending  capacity  of  1)43  at  room  temperature  however  is  not  affected. 

PFR  (1-1M-2M)  (Pfaudler) 

Silicide  modified  by  Cr  or  Cr-Mo  -  pack-diffusion  process  -  treatment  in  two  steps: 
one  pre-coating  (cementation  type)  and  the  other  simultaneous  coating  of  silicon 
and  other  elements  in  hydrogen  atmosphere. 

Average  thickness:  50  microns. 

Protection:  may  be  as  much  as  26h  at  2600°P,  2-4h  at  3000°P  (on  D31  alloy). 

Advantage:  good  resistance  at  high  temperatures. 

Disadvantages:  varying  degree  of  brittleness  due  to  hydrogen  (especially  for 
alloys  PS82  -  PS85  -  B66),  but  the  bending  capacity  cf  D43  is  not  affected.  Complex 
process  varying  according  to  alloy. 

AMFKOTE-3  (American  Machine  and  Foundry) 

Process  not  clearly  indicated  -  application  must  be  followed  by  diffusion  heat 
treatment. 

Protection:  125h  at  2500°F  -  lOh  at  2800°F  -  8h  at  3000°F  (on  Nb  metal). 

Advantage:  may  be  applied  by  all  techniques  (pack  cementation,  hot -dipping, 
painting,  spraying)  -  stands  up  well  at  high  temperatures. 

Modified  Silicide  (Boeing).  Di-Sil 

Siliciding  reaction  in  fluidised  bed  with  iodine  as  carrier  gas  -  working  in 
previously  prepared  vacuum  -  temperature:  1900°F. 

Emissivity  improved  by  additional  coating  of  SiC  +  Si02. 


Thickness:  35  microns. 
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Avantages:  couche  uniforme  et  dense,  mais  relativement  dpaisse  -  adaptable  aux 
forres  complexes  -  bonne  protection  &  1.370°C.  un  traitement  de  prd-oxydation  amdliore 
nettement  la  resistance  au  choc  thermique  -  Pas  de  modification  de  la  resistance  au 
fluage  k  1. 360°C  du  PS82. 

Inconvenient s:  cycle  de  ddpdt  complexe -necessite  d’operer  sous  vide-tres  fragile^ 
20°C  -  temperature  de  ddpdt  4levde,  d’  ok  effet  ndfaste  sur  les  caracteristiques 
rndtallurgiques  4  1*  ambiante,  et  en  particulier  sur  les  temperatures  de  transition 
ductile -fragile.  Exemple:  B66  non  revdtu:  -130°c  -  B66  rev§tu:  +  80°C  -  B66  revStu 
et  oxydd  72h  k  1.370°C:  +  135°C.  La  resistance  au  fluage  a  chaud  n’ est  pas  change^. 

Le  FS85  est  dgalement  fragilisd. 

La  capacite  de  pliage  k  20°  du  D43  n’  est  cependant  pas  modifiee. 

PFR  (1-1M-2M)  (Pfaudler) 

Siliciure  modifid  par  Cr  ou  Cr-Mo  -  processus  par  pack-diffusion  -  traitement  en  un 
temps  ou  en  deux  temps,  1’ un  de  precoating  (type  cementation),  1’ autre  de  codeposition 
de  silicium  +  autres  eidments  en  atmosphere  d’ hydrogene. 

Epaisseur  moyenne:  50  microns. 

Protection:  peut  atteindre  26h  k  l.430°C,  2  4  4h  k  1.650°C  (sur  alliage  D31). 

Avantage:  bonne  tenue  k  haute  temperature. 

Inconvenient s:  fragilisation  plus  ou  moir.-i  importante  par  1*  hydrogene  (particulidre- 
ment  alliage  PS82  -  PS85  -  B66);  la  capacity  de  pliage  du  D43  n’ est  cependant  pas 
affectde.  Processus  complexe  -  variable  suivant  1’ alliage. 

AMFKOTE-3  (American  Machine  and  Foundry) 

Processus  non  precise  -  1’  application  doit  §tre  suivie  d’  un  traitement  thermique 
de  diffusion. 

Protection:  125h  k  1.370°C  -  lOh  k  1.550°C  -  8h  k  1.650°C  (sur  Nb  non  allid). 

Avantage:  peut  £tre  appliqud  par  toutes  les  techniques  (pack-cementation  -  hot- 
dipping  -  painting  -  spraying)  -  bonne  tenue  A  haute  temperature. 

Siliciure  modifie'  (Boeing).  Di-Sil 

Rdaction  de  siliciuration  en  bain  fluidisd  avec  1’ iode  comme  gaz  porteur  -  enceinte 
prdalablement  mise  sous  vide  -  temperature:  l.040°C. 

Amelioration  de  1* dmissivitd  par  couche  suppldmentaire  de  SiC  +  Si02. 

Epaisset  j  microns. 


Protection:  3h  at  2700°F  (on  FS82). 

4b  at  2700°P  (on  D36). 

Advantages:  protected  metal  is  not  embrittled  -  strict  control  of  reaction 
temperatures  -  reduced  treatment  time  -  can  be  applied  to  complex  shapes. 

Modified  Sillcide  (General  Telephone  and  Electronics).  E506 

R508  (Ag-Si-Al) 


Preliminary  titanisation  -  Slurry  application. 

Average  thickness:  70  to  250  microns. 

Advantages:  excellent  protection  on  D43  and  C129  Y  (70h  at  2600°P) 
some  self-healing  properties  at  2600°P 
very  little  embrittlement  of  B66. 

2.4.4  Metal  Cladding 

For  high  temperatures  (over  3000°F),  further  consideration  is  being  given  to  the 
use  of  cladding  with  Pt  or  Pt-lORh,  by  means  of  a  special  cold-rolling  process 
(Metals  and  Controls). 

2.2  Performance  of  Coatings  and  Effect  of 
Transition  Temperature 

The  following  tables  show  some  comparative  results  obtained  in  the  performance 
of  various  protective  coatings  on  various  niobium  alloys: 

Performances  of  protective  coatings  on  Nb,  D31  and  FU8 


Coat ing 

Average  life  ( in  i 
tests  in 

2300°F 

vmrs)  in 
air  at 

cyclic 

2500°F 

Nb 

D31 

m 

Nb 

D31 

FU8 

Sylcor 

Al-Cr-Si  (+  Ti) 

30 

200 

>300 

30 

20 

10 

General  Electric  LB2 

15 

200 

30 

2 

20 

5 

Vought 

Vought  II 

7 

10 

10 

3 

2 

2 

Chromalloy 

W2 

2 

10 

10 

2 

20 

2 

TRW 

(Cr-Ti)  3il 

>300 

>300 

>300 

>300 

300 

3C0 

Chromizing 

Durak 

20 

15 

20 

2 

20 

2 

Protection:  3h  A  1.480°C  (sur  FS82). 

4h  k  1. 480°C  (sur  D36). 
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Avcuitages:  pas  de  fragiiisation  du  mdtal  protdgd  -  contrdle  strict  des  temperatures 
de  reaction  -  temps  de  traitement  rdduit  -  applicable  k  formes  complexes. 

Slliciure  modifld  (General  Telephone  and  Electronics).  R506 

R508  (Ag-Si-Al) 

Titanisation  prealable.  Application  par  bouillie. 

Epaisseur  moyenne:  70  A  250  microns. 

Avantages:  excellente  protection  pour  D43  et  C129  Y  (70h  k  1.420°C> 
quelques  propridtds  d’  autordparation  A  1.420°C 
trAs  peu  de  fragiiisation  dans  le  cas  du  B66. 


2.1. 4  Mdtaux  Plaques 

On  envisage  A  nouveau,  pour  les  hautes  temperatures  (supdrieures  A  1.650°C) 

1’ utilisation  de  placages  de  Pt  ou  Pt-10  Rh,  obtenus  par  un  procddd  spdcial  de 
laminage  A  froid  (Metals  and  Controls). 

2.2  Performances  des  RevAtements  et  Influence  sur 
le  Metal  de  Base 

Les  tableaux  ci-aprAs  rassemblent  quelques  rdsultats  relatifs  aux  performances  de 
revdtements  protecteurs  sur  divers  alliages  de  niobium: 

Performances  de  revGtements  protecteurs  sur  Nb,  D31  et  FU8 


Revitement 


Sylcor  Al-Cr-si  (+  Ti) 

General  Electric  LB2 
Vougbt  Vought  II 

Chromalloy  W2 

TRW  (Cr-Ti)  Sil 

Chromizing  Durak 


Duree  de  vie  moyenne  (h)  en  essais 
cycliques  dans  I'air  a 

1. 260° C  [  1.370°C 

Nb 

D31 

FA8 

Nb 

D31 

FU8 

30 

200 

>300 

30 

20 

10 

15 

200 

30 

2 

20 

5 

7 

10 

10 

3 

2 

2 

2 

10 

10 

2 

20 

2 

>300 

>300 

>300 

>300 

300 

300 

20 

15 

20 

2 

20 

2 

r 
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Performances  of  protective  coatings  on  alloy  Di 4^ 
(sheet  0.03  in  thick) 


Bending  on  47^  ^ 

Life  (in  hours)  after 

Average  life  (in  hours) 

Pre-oxidised 

bending  at  70°F  1 

Coating 

in  cyclic  tests  in 

5  Oh 

10h 

at 

2 000°F 

at  2600°F 

air  at  (°F) 

As  re- 

at 

at 

bending 

bending 

ceived 

(°F) 

(°F) 

angle 

angle 

1600 

2 000 

2300 

2600 

2000 

2 600 

2° 

10o(s> 

2° 

10o(5) 

Chromalloy  W2 

>150(2) 

18 

6 

1-9 

M 

M 

B 

>72 

11 

11 

1 

McDounel  LB2 

4 

16 

5 

2 

B 

M(4> 

6 

3 

2 

2 

Pfaudler  (Cr-Mo)  Sil 
Pratt -Whitney 

>150 

60 

1-17 

10 

B 

B 

B 

>72 

3 

5 

2 

(Ti-Si)  Cr 

General  Telephone 

>150 

35 

3-19 

2 

AB 

AB 

>72 

8 

5 

5 

(Ti)  Sil 

60 

20 

70 

19 

B 

AB 

AB 

31 

6 

10 

26 

Thompson  Ramo  Ti 
(Cr-Ti)  Sil 

Vought  Si 

>150 

>150(  2) 

>150 

>150 

27 

B 

B 

B 

>72 

1 

>30 

22 

(Cr-B-Fe)  Sil 

150 

18 

12 

II 

B 

AB 

_ 

>72 

1 

2 

2 

(1)  TAPOO  tests  (Navy  Buweps  Contract) 

(2)  One  sample  lasted  only  four  hours 

(3)  M  =  bad.  AB  =  fairly  good,  B  =  good  (no  cracks) 

(u)  Coating  became  useless  during  pre-oxidation 

(5)  All  coatings  were  cracked  to  some  extent  after  this  bending  test. 

Performances  of  protective  coatings  on  alloys 
FS85.B66and  DU3(1)  (sheet) 


Coat ing 

Base 

Alloy 

1600 

Av 

er age  life 
cyclic  te. 
2000 

(in  hours) 
ns  at  (°F) 
2300 

in 

2600 

Pfaudler  (Cr)  Sil 

D43 

>150 

150 

63 

4 

(1  cycle) 

B66 

150 

48 

6 

2-24 

FS85 

1-6 

Pfaudler  (Cr)  Sil 

D43 

5  >150 

150 

24 

4 

(2  cycles) 

B66 

6 

28 

5-24 

1 

Thompson  Ramo  (Cr-Ti) 

D43 

>150 

>150 

125 

24 

Sil 

B66 

70  >130 

>150 

>150 

36 

FS85 

50 

I 

i 


1 


(l)  TAPCO  tests. 


! 
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Performances  de  revEtements  protecteurs  sur  alliage  D1 4^ 
(idle  de  0,7 5  mm  d'dpaisseur) 


Duree 

de  vie 

moyenne  (h) 

Pliage  a  4T^ 

Duree  de  vie  (h)  ( apres 

en  essais  cycliques 

Etat 

Preoxydc 

pliage 

Ban 

Revetement 

dans  l 

air  a 

de 

5  Oh 

re  cep- 

\ 

a 

\ 

a 

pu 

ape  de 

Pliage  de 

870° 

1.090° 

1.260° 

1.430° 

tio.i 

ijgj 

2° 

2° 

Chromalloy  W2 

>150(2) 

18 

6 

1-9 

M 

B 

B 

>72 

11 

1 

McDonnel  LB2 

4 

16 

5 

2 

B 

m<4> 

m<4> 

6 

2 

2 

Pfaudler  (Cr-Mo)  Sil 

>150 

60 

1-17 

10 

B 

B 

AB 

>72 

5 

2 

Pratt -Whitney 

(Ti-Si)  Cr 

>150 

35 

3-19 

2 

AB 

AB 

m<4) 

>72 

8 

5 

5 

General  Telephone 

(Tl)  Sll 

60 

20 

70 

19 

B 

AB 

AB 

31 

■9 

10 

26 

Thompson  Ramo  Tl 

I 

(Cr-Ti)  Sil 

>150 

>150 

>150 

27 

B 

B 

B 

>72 

>30 

22 

Vought  Si 

(Cr-B-Fe)  Sil 

>150^ 

150 

18 

12 

M 

AB 

>72 

i 

2 

2 

(1)  Essais  de  TAPCO  (contrat  Navy  Buweps) 

(2)  Un  echantillon  n’  a  tenu  que  4h 

(3)  U  =  mauvais,  AB  =  assezbon,  B  =  bon  (pas  de  crlques) 

(u)  Revetement  mis  hors  d’ usage  au  cours  de  la  pre-oxydation 

(5)  Tous  les  revetements  sont  plus  ou  moins  crlques  apres  ce  pliage. 

Performances  de  revetements  protecteurs  sur  alliages 
FS85,  B66  et  D43(1)  (tSles) 


Revetement 

Alliage 

de 

base 

Duree  c 

c 

870°C 

e  vie  moyen 
ycliques  da 
1.090°C 

ne  (h)  en 
ns  I'air  a 

1. 260° C 

ssais 

l.U30°C 

Pfaudler  (Cr)  Sil 

D43 

>150 

150 

63 

4 

(1  cycle) 

B66 

150 

43 

G 

2-24 

PS85 

1-6 

Pfaudler  (Cr)  Sil 

D43 

5  >150 

150 

24 

4 

(2  cycles) 

B66 

6 

28 

5-24 

1 

Thompson  Ramo  (Cr-Ti) 

D43 

>150 

>150 

125 

24 

Sil 

B66 

70  >150 

>150 

>150 

36 

PS85 

50 

O'  ''ssais  de  TAPCO 


Influence  of  TRW  coating  on  bend  transition  temperature  (in  °F) 


Base  metal 
( stress-relieved 
sheet) 

After  heating  in 
vacuum  equivalent  to 
coating  process 

With  Thompson  Ramo 
type  coating 

FS82 

-420 

-420 

-420 

D14 

-420 

-420 

-200 

D43 

-200 

-110 

-40 

B66 

-110 

+180 

D31 

-110 

+30 

+00 

F48 

+150 

+210 

Influence  of  various  coatings  on  bend  transition 
temperature  (°F) 


Coatings 

Alloy  D31(l) 

Alloy  Fi8(2) 

coated 

coated 

+ 

treated 
2 h  at 

2500°F 

in 

vacuum. 

coated 

+ 

oxidised 
2h  at 
2500° F 
in 
air 

coated 

coated 

+ 

treated 
2 h  at 
2500°F 
in 

vacuum 

coated 

+ 

oxidised 
2 h  at 
2500°F 
in 
air 

Sylcor 

Al-Cr-Si  (+  Ti) 

-75 

-75 

-50 

+140 

+150 

General  Electric  LB2 

-75 

-20 

+150 

+70 

+150 

Vought 

Vought  II 

-5 

+15 

+150 

+100 

+150 

Chromalloy 

W2 

+230 

+70 

+150 

+150 

+440 

TOW 

(Cr-Ti)  Sil 

+90 

+230 

+180 

+250 

+230 

Chromizing 

Durak 

+90 

+30 

+170 

+300 

+150 

+180 

(1)  For  bare  base  metal,  the  transition  temperature  is:  -110°F 

(2)  For  bare  base  metal,  the  transition  temperature  is:  +100°F 


3.  PROTECTIVE  COATINGS  FOR  TANTALUM  AND  TANTALUM  ALLOYS 
3. 1  Types  of  Coating 

The  most  advanced  types  of  protective  coatings  are  based  on  aluminides, 
beryllides  and  silicides.  Silicide  of  tantalum  alone  is  not  a  sufficient  protection. 


Influence  du  revetement  TRW  sur  la  temperature  de  transition  en  pliage 


Alliage 

Mital  de  base 
(tole  restauree) 

Apres  chauffage  sous 
vide  Equivalent  au 
processus  de  revetement 

Avec  un  revitement 
type  Thompson  Remo 

FS82 

-195°C 

-195°C 

-195°C 

D14 

-195 

-195 

-130 

D43 

-130 

-80 

-40 

B66 

-130 

-80 

+80 

D31 

o 

CO 

1 

0 

+32 

F48 

+40 

_ 

+66 

+  100 

Influence  de  differents  revitements  sur  la  temperature 
de  transition  en  pliage  (en  °C) 


Revetement s 

Alliage  D31 ^ 

Alliage  FA8^2^ 

revStu 

revetu 

+ 

traite 

2h 

1. 370°C 
sous 

vide 

revetu 

+ 

oxyde 

2h 

1. 370°C 
dans 
l  'air 

revetu 

revitu 

+ 

traite 

2h 

1.370°C 

sous 

vide 

revetu 

+ 

oxyde 

2h 

1.370°C 
dans 
l  ’air 

Sylcor 

Al-Ci-Si  (+  Ti) 

-60 

-60 

-45 

+40 

+60 

+65 

General  Electric  LB2 

-60 

-30 

+65 

+70 

+  20 

+65 

Vought 

Vought  II 

-20 

-10 

+65 

+65 

+40 

+65 

Chromalloy 

W2 

+110 

+20 

+65 

+150 

+65 

+230 

TRW 

(Cr-Ti)  Sil 

+30 

+110 

+80 

+65 

+  120 

+  110 

Chromizing 

Durak 

+30 

0 

+75 

+150 

+65 

+80 

(1)  Pour  le  metal  de  base  nu,  la  temperature  de  transition  est  -80°C 

(2)  Pour  le  metal  de  base  nu.  la  tempe'rature  de  transition  est  +40°C 


3.  REVETEMENTS  PRGTECTEURS  POUR  TANTALE  ET  ALLIAGES  DE  TANTALE 

% 

3. 1  Types  de  RevStements 

Les  types  les  plus  avanc^s  de  revStements  protecteurs  sont  4  base  d’  aluniniure, 
berylliure  ou  siliciure.  Le  siliciure  de  tantale  seul  n’  est  cependant  pas  suffisamment 
protecteur. 


A  general  picture  is  given  by  the  following  table: 


Class 

Organisation 

Reference 

Type 

Aluminide 

General 

G4 

Al  +  llSi 

Telephone  and 

G5 

Al  +  lOSi  +  10  Cr 

Electronics 

G6 

Al  +  25Si 

G14 

Al  +  5T1  +  5Cr 

35S 

Sn50-Al45-Si5 

-* 

90  (Sn  +  25A1)  -  10 

(MoAl  3) 

90  (Sn  +  25A1)  -  10 

(TbA13) 

Beryllide 

General  Telephone 

- 

Be  modified 

and  Electronics 

Silicide 

Battelle, 

* 

modified  by  V,  B, 

Mn  or  Al 

General  Telephone 

R506 

preliminary  titanisation 

and  Electronics 

Chromalloy 

W2m* 

modified  by  Mo,  Cr 

Miscellaneous 

Value  Engineering 

- 

Cr  +  ceramic 

*  Coatings  possessing  the  best  general  characteristics. 


3.1.1  Aluminides  (General  Telephone  and  Electronics) 

(a)  Application  by  immersion  in  molten  A1  alloy  at  1700°F  (G3:  A1  metal; 

G4:  A1  +  11%  Si;  G5:  A1  +  10%  Si  +  10%  Cr;  G6:  A1  +  25%  Si;  G14:  A1  +  5%  Ti  + 
5%  Cr)  followed  by  vacuum  diffusion  treatment  or  "pack-calorizing”  heat 
treatment  in  A1  or  A1  alloy  powder  +  A1203  (1  -  4h  at  1900  -  2200°F). 

(b)  Alloys  on  Sn-Al  base  (G21:  A1  10%  -  Sn  90%;  34S:  A1  25%  Si;  40S:  A1  25%  - 
Sn  75%;  35S:  A1  45%  -  Si  5%  -  Sn  50%).  The  sprayed  alloy  may  be  modified 
by  additions  of  Ta  or  Mo  to  give  the  complexes:  90  (Sn  +  25  Al)  -  10  (MoA13) 
or  90  (Sn  +  25A1)  -  10  (TaAl3). 

Application  by  hot -dipping,  flame-spraying  or  spray  suspension  in  a  lacquer, 
followed  by  diffusion  heat  treatment  in  vacuum  (30  min  to  lh  at  1900°F). 


Thickness:  50-150  microns. 


Protection:  G14 
G21 

34S 

40S 


more  than  lOh  at  2700°P.. 


more  than 


lOOh  at  2800°P  (on  Ta  and  Ta-lOW) 
9b  at  3000°P 
2b  at  3200°P 
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Une  vue  d’  ensemble  est  donnde  par  le  tableau  suivant : 


Classe 

Organisation 

Repere 

Type 

Aluminiure 

General 

G4 

Al  +  11  Si 

Telephone  and 
Electronics 

G5 

G6 

Al  +  lOSi  +  lOCr 
Al  +  25Si 

■  au  trempd 

G14 

Al  +  5Ti  +  5Cr 

35S 

Sn50  A145  Si5 

90  (Sn  +  25A1)  10  (MoAl.) 

- 

90  (Sn  +  25A1)  10 

(TaAl3) 

Be'rylliure 

General  Telephone 
and  Electronics 

- 

Be  modifid 

Siliciure 

Battelle 

* 

modifi^  par  V,  B, 

Mn,  Al 

General  Telephone 

R506 

titanisation  prdalable 

and  Electronics 

Chromalloy 

W2m* 

modifi^  par  Mo,  Cr 

Divers 

Value  Engineering 

- 

Cr  +  cdramique 

*  Ravetements  present ant  les  meilleures  caracteristiques  d’  ensemble. 


3.i.l  Aluminiures  (General  Telephone  and  Electronics) 

(a)  Application  au  trempd  dans  alliage  d’Al  fondu  A  930°C  (G3:  A1  non  allid  -  G4: 

Al  +  11%  Si  -  G5:  A1  +  10%  Si  +  10%  Cr  -  G6:.  Al  +  25%  Si  -  G14:.  Al  +  5%  Ti  + 

5%  Cr),  suivie  d’ un  traitement  de  diffusion  sous  vide  ou  d’un  traitement 
thermique  de  "pack-calorizing”  dans  poudre  d’Al  ou  d' alliage  +  A1203  (1  a  4h  a 
1.040  -  1.200°C). 

(b)  Alliages  d  base  Sn-Al  (G21:  Al  10%  -  Sn  90%.  34S:  Al  50%  -  Sn  50%. 

4 OS:  Al  25%  -  Sn  75%.  35S:.  Al  45%  -  Si  5%  -  Sn  50%).  L' alliage  projetd  peut 

6tre  modifid  par  additions  de  Ta  ou  Mo  pour  obtenir  les  complexes  90  (Sn  +  25  Al) 

10  (MoAl3)  ou  90  (Sn  +  25  Al)  10  (TaAl3). 


Application  au  tremp^,  ou  par  flame -spraying,  ou  par  projection  en  suspension  dan 
une  laque,  suivie  d’un  traitement  thermique  de  diffusion  sous  vide  (0,5  a  lh  d  1.040 


Epaisseur:  50  d  150  microns. 


Protection:  G14 
G21 

34S 

400 


>  plus  de  lOh  d  1.480°C 


I  plus  de 


lOOh  d  1. 540°C  (sur  Ta  et  Ta-lOW) 
5h  d  1.650°C 
2h  d  1.750°C 


o  w 
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Advantages: 

-  easy  to  apply; 

-  effective  protection  at  high  temperature  -  plasticity  good  at  high 
temperature; 

-  self-healing  for  Al-Sn  alloys; 

-  good  low-temperature  properties  for  Al-Sn  alloys; 

-  no  embrittlement  of  the  base  metal  (Ta  metal  or  Ta  +  10W) ; 

-  good  resistance  to  impact. 

Disadvantages: 

-  properties  poor  at  low  temperatures  for  614; 

-  alloy  Ta-10Hf-5W  is  rendered  brittle  by  34S; 

-  instability  at  low  pressures  (the  vapour  pressure  of  tin  at  2800°F  is 

about  3  mmHg).  Minimum  acceptable  pressures  are:. 

2600°F  2700°F  2850°F 

3  mmHg  6  mmHg  12  mmHg 

3.1.2  Beryllides  (General  Telephone  and  Electronics) 

Applied  by  vaporisation  of  beryllium  in  a  vacuum  (2  -  4h  at  2000 °F);  subsequent 
diffusion  heat  treatment  does  not  appear  necessary. 

Protection:  (on  Ta-lOW):  about  lOOh  at  2600°F 

20h  at  2700°F 


Disadvantages: 

-  obligation  to  work  under  vacuum  conditions; 

-  extreme  brittleness  from  70  to  2200°F  -  affords  no  protection  in  this 
temperature  range; 

-  brittleness  induced  by  diffusion  into  base  metal. 

3.1.3  Silicides 

AMFKOTE  4  (American  Machine  and  Foundry) 

See  Niobium:  AMFKOTE  3. 

Protection  (on  Ta  metal):  125h  at  2400°F 

lOh  at  2800°F 
7h  at  3000°F 

Advantage:  self-healing. 

Modified  Silicide  (Battelle) 

Coating  by  pack  cementation  technique  4h  +  12h  at  2200°F  diffusion  heat  treatment. 
Additions  of  Mn,  V,  B  or  Al. 


Average  thickness:  100  microns. 
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Avantages: 

-  application  facile; 

-  protection  efficace  4  haute  temperature  -  bonne  plasticity  4  chaud; 

-  auto -reparation  pour  les  Al-Sn; 

-  oonnes  caracteristiques  aux  basses  temperatures  pour  les  Al-Sn; 

-  pas  de  fragilisation  pout  le  metal  de  base  (Ta  non  allid  ou  Ta  +  10W); 

-  bonne  resistance  4  1'  impact. 

Inconvenient s: 

-  mauvaises  caracteristiques  aux  basses  temperatures  pour  G14; 

-  fragilisation  de  1’ alilnge  Ta-10Hf-5W  par  le  34S; 

-  instability  aux  basses  pressions  (la  tension  de  vapeur  de  retain  4 
1.545°C  est  d’ environ  3  mm  de  Hg).  Les  pressions  minima  acceptables  sont:; 

1. 430°C  1. 480°C  1. 570°C 

3  mmHg  6  mmHg  12  mmHg 

3.1.2  Birylliure  (General  Telephone  and  Electronics) 

Application  par  vaporisation  de  beryllium  sous  vide  (2  4  4h  4  1.090°C);  un  traite- 
ment  thermique  de  diffusion  ultdrieur  n’  apparait  pas  ndcessaire. 

Protection  (sur  Ta-lOW) :  environ  100h  4  1.430°C 

20h  4  1. 480°C 


Inconvenient s: 

-  obligation  d’  operer  sous  vide; 

-  tr4s  grande  fragility  de  20  4  1.200°C  et  non  protecteur  dans  cette 
zone  da  temperature; 

-  fragilisation  par  diffusion  dans  le  metal  de  base. 


3.1.3  Siliciures 

AMFKOTE  4  (American  Machine  and  Foundry) 


Voir  Niobium:  AMFKOTE  3. 


Protection  (sur  Ta  non  ailie):  125h  4  1.300°C 

lOh  4  1. 530°C 
7h  4  1.650°C. 

Avant age:  auto-reparateur. 


Siliciure  modifie  (Battelle) 

DepSt  par  pack -cementation,  de  4h  +  12h,  4  1.  200°C  +  traitement  thermique  de 
diffusion.  Additions  de  Mn,  V,  B,  Al. 


Epaisseur  moyennc:  100  microns. 


Protection:  lOOh  at  2200°F 
24h  at  2700°P 

13h  at  2950°P  (unmodified  silicide). 

Advantages: 

-  stands  up  well  to  high  temperatures; 

-  self-healing  (on  alloys); 

-  does  not  impair  mechanical  properties  of  base  metal  at 
room  temperature; 

Disadvantages: 

-  causes  embrittlement  of  base  metal  (better  behaviour  for  tantalum 
alloys  containing  V,  Nb  or  W); 

-  very  brittle  at  room  temperature; 

-  poor  protection  (pest)  at  moderate  temperatures  (life  of  5h  at  1800°P), 
but  this  is  reduced  by  modification  with  vanadium. 

Modified  W2  (Chroaalloy) 

See  Niobium. 

Protection:  more  than  lh  at  2700°F. 

Disadvantage :  causes  embrittlement  of  base  metal. 

Cr-Tl-Si  (Thompson  Ramo) 

See  Niobium. 

Protection:  30h  at  2700°F. 

B506  (General  Telephone  and  Electronics) 

Titanisation  in  vapour  phase  at  2200°P,  followed  by  siliciding  by  pack  cementation 
technique. 


Base  alloy 

1100 

Life  in  hou 
1800 

rs  at  (°F) 
2600 

2800 

Ta 

- 

30 

— 

Ta-lOW 

25 

- 

>8 

Ta-30Nb-7. 5V 

220 

m M 

- 

1-5 

3.1 .4  Metal  +  Ceramic 
Cermet  (Value  Engineering) 

Co -electrodeposit ion  of  chromium  and  ceramic,  followed  by  diffusion  heat  treatment. 
Protection:  (flame  tests):  25  min  at  3900°P  (for  Cr  +  ZrB). 


I 

Avantages :  \ 

-  application  facile; 

-  protection  efficace  A  haute  temperature  -  bonne  plasticity  k  chaud; 

-  auto -reparation  pour  les  Al-Sn; 

-  bonnes  caracteristiques  aux  basses  temperatures  pour  les  Al-Sn; 

-  pas  de  fragilisation  pout  le  metal  de  base  (Ta  non  allid  ou  Ta  +  10W); 

-  bonne  resistance  4  1*  impact. 

Inconvenient s : 

-  mauvaises  caracteristiques  aux  basses  temperatures  pour  G14; 

-  fragilisation  de  1’ alliage  Ta-10Hf-5W  par  le  34S; 

-  instability  aux  basses  pressions  (la  tension  de  vapeur  de  retain  k 

1. 545°C  est  d’ environ  3  mm  de  Hg).  Les  pressions  minima  acceptables  sont: 

1. 430°C  1. 480°C  1.  570°C 

3  mmHg  6  mmHg  12  mmHg 

3.1.2  Birylliure  (General  Telephone  and  Electronics) 

Application  par  vaporisation  de  beryllium  sous  vide  (2  k  4h  k  1.090°C);  un  traite- 
ment  thermique  de  diffusion  ulterieur  n’  apparaft  pas  necessaire. 

Protection  (sur  Ta-lOW) :  environ  100h  4  1.430°C 

20h  A  1. 480°C 

Inconvenient s : 

-  obligation  d’  opdrer  sous  vide; 

-  trAs  grande  fragility  de  20  A  1.200°C  et  non  protecteur  dans  cette 
zone  de  temperature; 

-  fragilisation  par  diffusion  dans  le  metal  de  base. 

3.1.3  Siliciures 

AMFKOTE  4  (American  Machine  and  Foundry) 

Voir  Niobium:  AMFKOTE  3. 

Protection  (sur  Ta  non  allid):  125h  A  1.300°C 

lOh  A  1. 530°C 
7h  A  1.650°C. 

Avantage:  auto-reparateur. 

Siliclure  modifie  (Battelle) 

Depdt  par  pack-cementation,  de  4h  +  12h,  A  1. 200°C  +  traitement  thermique  de 
diffusion.  Additions  de  Mn,  V,  B,  Al. 


Epaisseur  moyenne:  100  microns. 


Protection:  lOOh  k  1.200°C 
24h  k  1. 430°C 

13h  k  1.600°C  (siliciure  non  modifid). 

Avantages: 

-  bonne  tenue  k  bau'je  temperature; 

-  auto-rdparateur  (dur  alliagti) ; 

-  n’  est  pas  ndfaste  pour  les  caractdristiques  mdcaniques  &  20°C  de  1’  alliage 
de  base. 

Inconvenient s: 

-  fragilisation  du  mdtal  de  base  (meilleur  comportement  s'  il  s’  agit 
d’  alliages  de  tantale  contenant  V,  Nb,  W); 

-  trds  fragile  k  froid; 

-  mauvaise  protection  (pest)  k  temperature  moddrde  (v:  de  5h  k  1.000°C), 
inconvenient  rdduit  par  la  modification  au  vanadium. 

W2  modi fid  (Chromalloy) 

Voir  niobium. 

Protection:  plus  de  lh  4  1.480°C. 

Inconvenient:  fragilisation  du  mdtal  de  base.  , 

Cr-Ti-Sl  (Thompson  Ramo) 

Voir  Niobium. 

Protection:  30h  a  1.480°C. 

R506  (General  Telephone  and  Electronics) 

Titanisation  en  phase  vapeur  &  1. 200°C  suivie  de  siliciuration  par  pack-cementation. 


Alliage  de  base 

600°C 

Duree  de 
980°C 

vie  (h)  a 
1A30°C 

1.5W°C 

Ta 

_ 

30 

_ 

Ta-lOff 

25 

220 

- 

>8 

Ta-30Nb-7, 5V 

220 

210 

“ 

1-5 

3.1. 4  Metal  +  Ceramique 
Cermet  (Value  Engineering) 

Co-dlectroddposition  de  chrome  +  cdramique,  suivie  d’un  traitement  thermique  de 
diffusion. 


Protection  (essais  k  la  flamme):  25  minutes  k  2. 140°C  (pour  Cr  +  ZrB). 
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V  - 


\ 


1 

I 
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4. 


REVETEMENTS  PROTECTEURS  POUR  MGLYBDENE  ET 
ALLIAGES  DE  MOLYBDENE 


> 


9 


V. 
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4.1  Types  de  RevOtements  . 

Les  recherches  des  revdtements  protecteurs  pour  le  molybddne  et  ses  aTIiages  ont 
dtd  entreprises  depuis  de  nombreuses  amides  ddj&  (et  1’ on  peut  d’ailleurs  remarquer 
qu’  elles  ont  servi  de  bases  de  ddpart  pour  les  trois  autres  mdtaux  rdfractaires 
Nb,  Ta,  W). 


La  majorltd  des  revdtements  protecteurs  sur  Mo  sont  du  type  siliciure  modifid.  Un 
certain  ddveloppement  a  dtd  dgalement  donnd  aux  revdtements  appliquds  par  projection. 
Quelques  applications  ont  dtd  envisagdes  pour  les  systdmes  k  base  de  mdtaux  ou 
mdtaux  +  cdramiques  dlectroplaquds. 


V  vue  d’  ensemble  est  donnde  par  le  tableau  suivant: 


1 


Classe 

Organisation 

Repere 

Type 

Siliciures 

American 

AMFKOTE  2 

modifid  par  Cr 

Machine  and  Foundry 
Chromalloy 

W2* 

modifid  par  Cr-Al 

W3* 

modifid  par  B  * 

Chromizing 

Durak  B 

modifid 

Pfaudler 

PFR  5 

modifid  par  Cr 

PFR  6* 

modifid  par  Nb 

Boeing 

Di-Sil* 

modifid 

Chance  Vought 

Vought  IV* 

modifid  par  Cr-Al  ou  Cr-B 

UK  -  Ministry 
of  Aviation 

MRC 

modifid  par  Cr-Al 

ONERA  France 

modifid  par  Ca 

Mdtaux 

Murex 

Ni-Cr-B-Si-Fe 

projetds 

Murex 

Cr-Si-Al-Fe 

Climax 

Cr-Si-Al 

Electro- 

Cr-Ni-Al 

ddposition 

American 

Co  +  ff  +  Zr02 

Machine  and  Foundry 
Value 

Cr  +  ZrB 

Battelle 

Pt  +  ai2o3 

ARDE 

CrNi  -  A1203 

Divers 

General  Telephone 
and  Electronics 

* 

aluminiure  Al-Sn 

General  Electric 

Mo-Au-Si 

Revetements  prdsentant  les  meilleures  caracte'ristiques  d’  ensemble. 


4.1.1  Silicides 

AMFKOTE  2  (American  Machine  and  Foundry) 

^ > 

^-■^Severely  modified  silicide  produced  by  pack  cementation.  May  undergo 
vitrification  treatment  at  2800°F. 

Protection:  30h  at  2800°F 
9h  at  3200°F 
^  45  min  at  4000°F 

Advantages:  -  one  of  the  coatings  giving  the  best  performances; 

-  excellent  self-healing  properties  at  temperatures  over  2300°F. 

Disadvantages: 

-  complex  application; 

-  brittle  coating; 

-  great  reduction  of  mechanical  properties  of  the  base  metal. 

R507A  (General  Telephone  and  Electronics). 

Modified  silicide  produced  by  pack  cementation  (16h  at  1900°F)  +  special  covering 
coat.  Final  diffusion  treatment  in  air. 

W2  (Chromalloy) 

Modified  silicide  by  addition  of  Cr-Al  (composition  m  at.%:  Mo62  -  Si32  -  A15  - 
Cr0.4).  Coating  by  pack  cementation  in  two  cycles  of  12h  each  at  1900°F  in  the 
mixture:  6%  Cr  -  11%  Si.-  83%  A1203  +  NH„I. 

Average  thickness:  60  microns. 

Protection:  500h  at  2400°F 

20-30h  at  2700°F  (36h  at  95%  efficiency) 

2h  at  3100°F. 

Advantage:  self-healing  at  temperatures  above  2400°F. 

Disadvantages: 

-  very  poor  protection  at  thin  edges  and  sharp  corners  (a  panel  of 
Mo-0. 5Ti  alloy  coated  with  W2  showed  severe  attacks  at  the  edges  after 
15  minutes  at  3000°F  -  Bell  tests); 

-  slight  embrittlement  of  base  metal; 

-  brittle  at  room  temperature; 

-  sensitises  the  metal  to  fatigue  crack  propagation. 


4 .1.1  Silici&nes 


AMFKOTE  2  .(American  Machine  and  Foundry) 


Siliciure  fortement  modifid  rdalisd  par  pack-cementation.  Peut  subir  qn 
traitement  de  vitrification  A  1.540°C.  * 

Protection:  30h  d  1.540°C 
9h  d  1. 760°C 

0, 75h  d  2.  200°C  * 

Avantages:  -  c’ est  l'un  des  revdtements  donnant  les  meilleurs  performances; 

-  auto-rdparateur  excellent  a  tempdrature  supdrieure  a  1.260°C. 

Inconvinients : 

-  application  complexe; 

-  revdtement  fragile; 

-  forte  diminution  des  caractdristiques  mdcaniques  du  mdtal  de  base. 

R507A  (General  Telephone  and  Electronics) 

Siliciure  modifid  rdalisd  par  pack-cementation  (16h  d  1.040°C)  +  couche  de 
recouvrement  spdcial.  Traitement  final  de  diffusion  dans  1'  air. 

A 

W2  (Chromalloy) 

Siliciure  modifid  (addition  de  Cr-Al)  (composition  en  at.  %:  Mo62  -  Si32  -  A15  - 
Cr0,4).  Ddpfit  par  pack -cementation  en  deux  cycles  de  chacun  12h  A  1.040°C  dans  le 
mdlange:  6%  Cr  -  11%  Si  -  83%  A1203  +  NH4I. 

Epaisseur  moyenne:  60  microns. 

Protection:  500h  d  1.300°C 

20  d  30h  d  1. 480°C  (36h  d  95%  de  rendement) 

’  2h  k  1.700°C. 

Avantage:  auto-rdparateur  d  tempdrature  supdrieure  a  1.300°C. 

Inconvenient s : 

-  trds  mauvaise  protection  des  extrdmitds  minces  (edges)  et  angles  aigus 
(un  panneau  en  alliage  Mo-0,5  Ti  revdtu  de  W2  a  montrd  de  fortes 
attaques  aux  extrdmitds  aprds  15  min  d  1.650°C  -  essais  Bell); 

-  ldgdre  fragilisation  du  mdtal  de  base; 

-  fragile  d  froid. 

-  sensibilise  le  mdtal  d  la  propagation  des  criques  de  fatigue. 


r 
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W3  (Chromalloy) 

Silicide  modified  by  addition  cf  B. 

Average  thickness:  30-80  microns. 

On  Ko-0.5Ti,  gives  protection  of: 

800h  at  2500 °F 
27 Oh  at  2700°P 

3h  at  3000°P  (30  min  at  3000°F  under  pressure  of  0.1  torr) 
2h  at  3100°P 

Sensitive  to  low  pressures. 


Durak  B 
Durak  MG 


(Chromizing) 


Modified  silicide. 

Protection:  7500h  at  2000°F 

150-200h  at  2700°F  (264h  -  Chromalloy  tests) 
2h  at  3000°P  (on  TZM  alloy  in  flowing  air). 

Advantage:  good  protection  at  edges. 

Disadvantages : 


-  very  brittle  at  room  temperature; 

-  causes  embrittlement  of  base  metal 


PFR  6  and  PFR  5  (Pfaudler) 


PFR  6:  silicide  modified  by  Nb. 

PFR  5:  Cr  and  Si  deposited  in  several  cycles. 

Silicide  modified  (addition  of  Nb)  by  pack  cementation,  in  two  cycles  at  2050°F,  of 
total  duration  7h  (PFR  5). 


Special  equipment  has  been  designed  to  heat  assemblies  measuring  6  x  4  x 
(loading  8  tons). 


3  feet 


Average  thickness:  50  microns. 

Protection:  lOOOh  at  2000°F 
50h  at  2400°F 
27h  at  2700°F 
6-25h  at  2800°F 
4h  at  3000°F 
2.5h  at  3100°F 
0.5h  at  3200°F 


W0;:~ 


V 


W3  (Chromalloy) 

Siliciure  modifie  par  addition  de  B. f 

Epaisseur  moyenne:  30  &  80  microns. 

Donne  sur  Mo-0, 5Ti  une  protection  de: 

800h  k  1.370°C 
270h  k  1.480°C 

3h  k  1.650°C  -  (0, 5h  k  1.650°C  sous  passion  de  0,1  torr) 

2h  k  1.700°C 

Sensible  aux  basses  pressions. 

Durak  B  .  .  . 

Durak~MG  (Chromizing) 

/i 

Siliciure  modifie. 

Protection:  7.500h  4  1.090°C 

150-200h  k  1 . 480°C  (246h  -  essais  de  Chromalloy  Co) 

2h  k  1.650°C  (sur  alliage  TZM  en  air  souffle). 

Avantages :  bonne  protection  des  extrdmitds  (edges). 

Inconvenient : 

-  tr£s  fragile  4  temperature  ambiante. 

-  fragilisation  du  metal  de  base. 

PFR  6  et  PFR  5  (Pfaudler) 

PFR  6:  siliciure  modifie  par  Nb. 

PFR  5:  Cr  et  Si  deposes  en  plusieurs  cycles. 

Siliciure  modifie  (addition  de  Nb)  par  pack-cementation,  en  deux  cycles  4  1.120°C, 
d’  une  durde  totale  de  7h  (PFR  5) .  5 

On  appareillage  a  ete  prdvu  pour  traiter  des  ensembles  mesurant  1.800  x  1.200  x  900 
(charge  de  8  T). 

Epaisseur  moyenne:  50  microns. 

Protection:  l.OOOh  k  1.090°C 
50h  k  1. 320°C 

27h  k  1. 480°C  (essais  de  Chromalloy) 

6-25K  k  1 . 540°C 
4h  k  1.650°C 

2, 5h  k  1. 720°C  (processus  en  2  cycles) 

0, 5h  k  1.760°C 


-  Advantage:  little  embrittlement  of  the  base  metal. 


v..  t-'.s 


Disadvantages ;  poor  protection  at  edges; 

^ rather  brittle  at  room  temperature. 

Vitro  -  Silicide  modified  By  Ni. 

/  i 

Application  by  elefctrophoresis  of  admixture  94  (MoSi 2)-6Mi 
Isostatic  compression,  followed  by  sintering  at  2300°P. 

Protection:  40h  at  2500°  (on  TZC). 

Disadvantage:  recrystalliuation  of  base  metal  by  diffusion  of  Ni  during 
sintering. 

9 

Silicide  (North  American  Aviation) 

**  > 

Modified  silicide  deposited  at  low  temperature: 

Protection: 


Temperature  (°F) 

2500 

2750 

3000 

3200 

3300 

Hours 

90 

50 

120 

200 

24 

Advantage :  appears  to  resist  thermal  shock  well  (no  failure  on  immersion  in 
water  at  3000°F).  ^ 

Di-Sil  1  (Boeing) 

Deposited  in  gaseous  phase  with  iodide  in  fluidized  bed  of  silicon. 

Average  thickness:  40  microns. 

Protection:  2500h  at  1800°P 

2h  at  2700°F  (4h  on  TZM) 

30  min  at  3000°P  (2. 5h  on  TZM) 


Advantages: 

-  does  not  embrittle  the  base  metal; 

-  strict  control  of  reaction  temperatures; 

-  reduced  treatment  time; 

-  application  to  complex  shapes. 


C' 


Disadvantage:  brittle  at  room  temperature. 


Avantage:  peu  de  fragilisation  du  mdtal  de  base. 

Inconvinient :  mauvaise  protection  des  extrdmitds; 

assez  fragile  &  temperature  ambiante.: 

Vitro  -  Siliciure  modifie  par  Ni. 

Application  par  dlectrophorAse  d’une  mixture  94  (MoSi2)-6Ni. 

Compression  isostatique,  puis  frittage  A  1.260°C. 

Protection:  40h  A  1.370°C  (sur  TZC). 

Inconvenient:  recristallisation  du  radtal  de  base  par  diffusion  de  Ni  au  cours  du 
frittage. 

Siliciure  (North  American  Aviation) 

Siliciure  modifie  ddposd  A  basse  temperature: 

Protection: 


Temperature  (°C) 

1.370 

1.510 

1.650 

1.750 

1.810 

Heures 

90 

50 

120 

200 

24 

Avantage:  rdsisterait  bien  au  choc  thermique  (pas  de  rupture  par  trempe  A  1’  eau 
A  1.650°C). 

Di-Sil  1  (Boeing) 

Ddpfit  en  phase  gazeuse  A  P iodure  dans  une  poudre  de  silicium  en  suspension 
(fluidized  bed). 

Epaisseur  moyenne:  40  microns. 

Protection:  2.500h  A  1.000°C 

2h  A  1. 480°C  -  4h  sur  TZM 
0,  5h  A  1.650°C  -  2, 5h  sur  T2M 

Avantages: 

-  pas  de  fragilisation  du  mdtal  de  base; 

-  contrfile  strict  des  temperatures  de  reaction; 

-  temps  de  traitement  rdduit; 

-  applicable  A  formes  complexes. 

Inconvenient :  fragile  A  temperature  ambiante. 


Vought  II  (Chance  Vought) 


Silicide  modified  by  Cr-Al  or  Cr-B  (see  Niobium,  Section  2.3). 

Average  thickness:  95  microns. 

MRC  (UK  Ministry  of  Aviation) 

Modified  silicide. 

1st  coating:  chromisation  (Cr  or  Cr-Al)  by  vapour-pack  diffusion  30  min  at 
2200°P. 

2nd  coating:  siliciding  (Si  or  Si-Cr  or  Si-Cr-Al):  lh  at  2200°F. 

Protection:  2000h  at  2200°P 

4h  at  2900°F  (flame  test) 

Advantages:  hot  plasticity  good; 
self-healing. 

Disadvantage:  brittle  at  room  temperature. 

Silicide  (Prance  -  ONERA) 

Pack-cementation  in  the  mixture  Si02  +  calcium  fluoride  -  lh  at  2100°P. 

Advantage:  good  fatigue  resistance  at  1800-2200°P  (with  stress  applied  parallel 
to  the  coating). 

The  comparative  performances  of  a  few  silicide  base  coatings,  obtained  by  various 
independent  organisations,  are  given  below: 


Coating  on  MTC alloy 


(NASA  Evaluation) 

Durak  B 

AM 

vitri- 

fied 

WTE 

non- 

vitrified 

m 

PFR  5 

PFR  6 

Di-Sil 

Vought 

II 

at  2500°P-continuous 

heat 

450 

112 

23 

62 

38 

29 

13 

at  2500°P-30  min 

Lire 1 

cycles 

8 

11 

1 

3 

3 

2 

2 

at  2700°P-2-hour 

cycles 

250 

30 

30 

2 

<2 

Ratio  of  tensile 

YS 

fm 

0.4 

0.9 

RH 

0.9 

0.9 

properties  after  < 

UTS 

ESS 

0.4 

m 

la 

0.9 

and  before 

El. 

0.8 

0.4 

0.2 

wffl 

m 

0.8 

ESI m 

coating* ^ 

_ 

(i)  lh  at  2800°P.  (2)  Allowance  must  be  made  for  the  fact  that  the  thickness  of  the  base 


metal  is  reduced  by  the  coating  treatment. 


Vought  II  (Chance  Vought) 

Siliciure  modifie  par  Cr-Al  ou  Cr-B  (voir  Niobium,  Section  2.3). 

Gpaisseur  moyenne:  95  microns. 

MRC  (UK  -  Ministry  of  Aviation) 

Siliciure  modifie. 

Premiere  couche  de  chromisation  (Cr  ou  Cr-Al)  (par  vapour-pack  diffusion 
30  minutes  A  1.200°C). 

DeuxiAme  couche  de  siliciuration  (Si  ou  Si-Cr  ou  Si -Cr-Al):  lh  A  1.200°C. 

Protection:  2.000h  A  1.200°C 

4h  A  1.600°C  (flame  test) 

Avantages:  bonne  plasticitd  A  chaud; 
auto-rdparateur. 

InconvSnient :  fragile  A  temperature  ambiante. 

Siliciure  (Prance  -  ONERA) 

Pack -cementation  dans  le  mdlange  Si02  +  fluorure  de  calcium,  lh  A  1.140°C. 

Avantage:  bonne  resistance  A  la  fatigue  A  1. 000-1. 200°C  (avec  contrainte  parallAle 
A  la  couche). 

Les  performances  comparatives  de  quelques  revAtements  A  base  de  siliciure,  obtenues 
par  diverses  organisations  independantes,  sont  indiqudes  ci-aprAs: 


(Evaluation  NASA) 


Revitements  sur  alliage  MTC 
AMFKOTE 


Durak  B 

vitrifii 

non 

vitrifie 

)I2 

PFR  5 

PFR  6 

Di-Sil 

Vought 

II 

A  1.370°C-chauffage 

Durde 
de  • 
vie 

continu 

450 

112 

23 

62 

38 

29 

13 

A  1.370°C- cycles  de 

0, 5h 

8 

11 

1 

3 

3 

2 

2 

A  1.480°C- cycles  de 

2h 

250 

30 

30 

2 

<2 

Rapport  des  caract. 

LE 

0,9 

0,4 

0,4 

0,9 

0.7 

0,7 

0,9 

0,9 

mecaniques  en  trac-  < 

R 

0,9 

0,5 

0,4 

0,9 

0,7 

0.7 

0,8 

0,9 

tion  aprAs  et  avant 
revdtement ^  ^ 

A 

0,8 

0,4 

0,2 

0,5 

0,8 

0,8 

0,8 

0,7 

(l)  lh  A  1. 540°C.  (2)  Tenir  compte  du  fait  que  1’ epaisseur  du  metal  de  base  est  reduite  par 

le  traitement  de  revAtement. 


Coatings  on  stress-relieved  T2M  alloy 
(Solar  evaluation) 

Type 

Transition  temperature 

4 T  bend  (°F) 

Life  (hours) 

■  at  2 600°F 

Uncoated 

-70 

__ 

Chromizing 

Durak  B 

+45 

3-60 

Vought  I 

(1  cycle) 

- 

20 

Boeing 

Di  Sil 

- 

8-30 

General  Telephone  Sn-Al 

0 

10 

Chromalloy 

W3 

+50 

6-30 

Vought  II 

(Cr-B-Si) 

+40 

4 

Coatings  on  Mo  - 

Influence  of  pressure 

Maximum  temperature  (°F)  for  a  life  of 

30  minunder  an  oxygen  pressure  of 

760  torr '  ' 

10  torr 

1  torr 

0.1  torr 

Di-Sil  II 

3300 

3240 

2980 

2740 

Durak  B 

3200 

3100 

2980 

2740 

PFR  6 

3250 

3200 

2840 

2760 

Vought  II 

3000 

2960 

2950 

2950 

(l)  Air. 

4.1.2  Sprayed  Metals  or  Alloys 

The  disadvantage  of  this  type  of  coating  is  that  it  is  difficult  to  apply  to 
pieces  of  complex  shape  or  which  have  re-entrant  angles  or  sharp  corners.  In  any 
case,  protection  is  very  poor  at  more  than  2300°F. 


Composition  of  spray  alloy 

Protection 

'  '  ^ 

(i)  Ni72  -  Crl5. 5  -  B3  -  Si4.5  -  Fe4  -  Cl  (Colmonoy  6)(1) 
(ii)  Cr62  -  Si35  -  A12  -  Fel{1) 

(iii)  As  above,  but  with  second  coating  applied  after 
vacuum  melting  of  the  first  coating^ 

(iv)  A120  -  Si40  -  Cr40,  followed  by  A1  painting  and 
(iv)  A120  -  Si40  -  Cr40,  followed  by  A1  painting  and 
diffusion  heat  treatment  -  2h  at  2200°F  (Climax 
Molybdenum  Co) 

500h  at  1800°F 
50h  at  2200°F 

40 Oh  at  1800°F 
250h  at  2000°F 
150h  at  2200°F 
300h  at  2100°F 

(l)  Murex  tests  (OK). 


Revitemer.ts  sur  alliage  TZM  restauri 
(Evaluation  Solar) 


! 


i 


Type 

T°  transition 
(°C)  en  pliage  bT 

DurSe  de  vie 
(h)  a  l.m°C 

Non  revStu 

-55 

__ 

Chromizing 

Durak  B 

+  5 

3-60 

Vought  I 

(1  cycle) 

- 

20 

Boeing 

Di-Sil 

- 

8-30 

General  Telephone  Sn-Al 

0 

10 

Chromalloy 

W3 

+10 

6-30 

Vought  II 

(Cr-B-Si) 

+5 

4 

Revetements  sur  Mo- 

Influence  de  la  press  ion 

Temperature  maximum  (°C)  pour  une  duree  de  vie 

de  0,5h  sous  une  press  ion  d'oxygene  de 

760  forr'1' 

10  torr 

1  torr 

0,1  torr 

Di-Sil  II 

1.800 

1.780 

1.640 

1.500 

Durak  B 

1.750 

1.710 

1.640 

1.500 

PFR  6 

1.785 

1,760 

1.560 

1.520 

Vought  II 

1.650 

1.630 

1.625 

1.615 

O'  Air. 

b.1.2  MStaux  ou  Alliage  Projetes 

V  inconvenient  de  ce  type  de  revStement  est  qu’  il  est  difficilement  applicable 
aux  pidces  de  forme  complexe  ou  ayant  des  angles  rentrants  ou  des  angles  vifs.  Par 
ailleurs,  la  protection  au  dela  de  1.250°C  est  tr4s  faible. 


Composition  de  l' alliage  projete 

Protection 

(i)  Ni72  -  Crl5,  5  -  B3  -  Si4,  5  -  Fe4  -  Cl  (Colmonoy  6)(1) 
(ii)  CrS2  -  Si35  -  A12  -  Fel(1) 

(iii)  Comme  ci-dessus,  une  deuxi^me  couche  dtant  appliqude 
apr4s  fusion  sous  vide  de  la  premiere  couche ^ 1 ^ 

(iv)  A120  -  Si40  -  Cr40  suivie  d’ une  peinture  4  l’Al  et 
traitement  thermique  de  diffusion  de  2h  k  1.200°C 
(Climax  Mo  Cy) 

500h  4  1.000°C 

5 Oh  4  1 . 200°C 
400h  4  1.000°C 
250h  4  1.100°C 
150h  a  1 . 200°C 
300h  4  1. 150°C 

I 
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4.1.3  Electroplating 
4. 1.3.1  Metals 

Cr-Ni-Al  based  electroplated  multiple  layer  coatings  present  lives  of  300-700  hours 
at  2000°P,  but  the  resistance  of  such  coatings  falls  to  1  hour  or  less  at  room 
temperatures  of  2500°P: 


Cr-Ni  ... 

...  lh 

Pt  . 

...  lh 

Rh  . 

...  0. 5h 

4 .1.3.2  Metals  +  Ceramics 

The  combination  of  metal  +  ceramic  ("aqueous  media  electroplating  followed  by 
diffusion  heat  treatment)  brings  about  a  remarkable  improvement: 

American  Machine  and  Foundry:  Co  +  W  +  Zr02 

Protection:  500h  at  2000°F 
2-5h  at  2500°F 

Value  Engineering:  Cr  +  ZrB 

Protection:  0.5h  at  3900°F  (flame  test). 

Battelle:  Pt  on  harrier  coat  of  Al203 


Protection:  900h  at  2200°F. 

But  in  all  cases,  the  plasticity  of  the  coating  is  greatly  reduced. 

ARDE:  Cr-Ni  electroplated  -  thickness:  125  microns:  300-500h  at  2000°F 
+  75  microns  surface-sprayed  alumina:  1200h  at  2000°F. 

4.1.4  Miscellaneous 

General  Telephone  and  Electronics:  aluminide:  immersion  in  molten  Al-Sn,  followed  by 

diffusion  heat  treatment. 

First  investigations  show  a  protection  of  dh  at  2500°F. 

General  Electric:  liquid  phase  coating. 

Dipping  in  a  Mo  powder  slurry  -  sintering  at  2560°F  -  immersion  (under  argon 
atmosphere)  in  a  molten  alloy  of  Au  +  2.5Si  at  2560°F  (1  min).  Porous  MoSi2  is  formed. 

Protection:  more  than  lOOOh  at  2500°F  (liquid  phase  from  1650°F  onwards).. 

Advantage:  excellent  self-healing  properties. 

Disadvantages:  cause  embrittlement  of  the  base  metal; 

poor  resistance  (pest)  between  1100  and  1800°F. 


t 


I 

I 


I 


i 


”  I 
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4 .1.3  Electroplacage 
4. 1.3.1  Mitaux 

Les  couches  multiples  A  base  de  Cr-Ni-Al  dlectroplaquds  ont  des  durdes  de  vie  de 
300  A  700h  A  1. 100°C.  Mais  la  resistance  de  telles  couches  tombe  A  lh  ou  moins  pour 
des  temperatures  de  1.370°C: 


Cr-Ni  .. 

..  lh 

Pt . 

..  lh 

Rh . 

..  0,  5h 

4 .1.3.2  Mitaux  +  Cirmique 

La  combinaisou  mdtal  +  cdramiqus  (dlectroplacage  en  milieu  aqueur,  suivi  d’ un 
traitement  thermique  de  diffusion)  am&ne  une  amelioration  notable: 

American  Machine  and  Foundry:  Co  +  W  +  Zr02 

Protection:  500h  A  1. 100°C 
2  A  5h  A  1.370°C 

Value-Engineering:  Cr  +  ZrB 

Protection:  0, 5h  A  2.150°C  (essai  A  la  flamme). 

Battelle:  Pt  sur  barridre  d’  A1203 


Protection:  900h  A  1.200°C. 

Cependant,  dans  tous  les  cas,  la  plasticitd  du  revdtement  est  fortement  rdduite. 

ARM!:  Cr-Ni  dlectroplaqud  -  dpaisseur  125  microns:  300-500h  A  l.  100°C 
+  75  microns  d’ alumine  projetds  en  surface:  1.200h  A  1.100°C. 

4.J.4  Divers 

General  Telephone  and  Electronics:  aluminiure:  immersion  dans  Al-Sn  fondu,  suivie  de 

traitement  thermique  de  diffusion. 

Les  premieres  investigations  donnent  une  protection  de  8h  A  1.37G°C. 

General  Electric:  revdtement  A  phase  liquide. 

Trempe  dans  une  bouillie  de  poudre  de  Mo  -  frittage  A  1.400°C  -  immersion  (sous  argon) 
dans  un  alliage  Au  +  2, 5  Si  fondu  A  1.400°C  (1  min)  (il  se  forme  MoSi2  poreux). 

Protection:  plus  de  l.OOOh  A  1.370°C  (phase  liquide  A  partir  de  900°C). 

Avantage:  excellent  auto-rdparateur. 

Inconvenient s:  fragilise  le  mdtal  de  base; 

mauvaise  tenue  (pest)  entre  600  et  1.000°C. 


C&sAC 


! 
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Metals  and  Controls:  platinum 

For  high  temperatures  (>  3000°F),  attention  is  again  being  paid  to  the  use  of  Pt  or 
Pt-lORh  plating,  obtained  by  a  special  cold-rolling  process. 

LGC2  (Lockheed):  plasma-arc  spraying  of  oxide  +  binder. 

In  contrast  to  the  silicides,  this  coating  seems  more  resistant  at  low  pressure  than 
at  high  pressure: 

at  3000°F  (life  of  2.5h  for  pressure  of  0.07  torr. 

(on  T2M)  I  life  of  15  min  for  pressure  of  760  torr. 


5.  PROTECTIVE  COATINGS  FOR  TUNGSTEN  AND 
TUNGSTEN  ALLOYS 

5.1  Types  of  Coatings 

Since  the  use  of  tungsten  and  its  alloys  is  more  specifically  contemplated  for 
temperatures  of  over  2700°F  and  preferably  over  3600°F,  the  coatings  used  must  also 
stand  up  to  these  high  temperatures.  The  problem  here  is  therefore  even  more 
difficult  than  for  the  other  refractory  metals  and  developments  have  so  far  made 
relatively  little  progress. 

Hie  principal  solutions  in  mind  are: 

coatings  of  the  modified  silicide  type,  on  the  lines  of  what  has  been  done  for 
molybdenum;  but  silicides  have  not  so  far  proved  capable  of  protecting  tungsten 
at  temperatures  of  3400°F  and  over,  i.e.,  in  the  very  range  where  applications 
of  tungsten  are  most  interesting; 

coatings  of  the  ceramic  type,  on  refractory  oxide  base,  with  a  view  to 
maximum  compactness. 

A  general  picture  is  given  by  the  following  table: 


Class 

Organisation 

Reference 

Type 

Silicides 

General  Telephone 
and  Electronics 
American 

Machine  and  Foundry 

Chromalloy 

Chromizing 

Thompson  Ramo 

R  507  A 

AMFKOTE 

W2 

Durak  MGF 

modified 

modified 

modified 

modified 

modified  by  (Ti,  Zr,  H)  Ti-Zr  (Si-W)  0 
or  Ti  (Zr-B)  (Si-W)  0 

(Continued) 
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Metals  and  Controls:  platine 

On  envisage  A  nouveau,  pour  les  hautes  temperatures  (>  1.650°C)  1’ utilisation  de 
placages  de  Pt  ou  Pt-10  Rh,  obtenus  par  un  procddd  special  de  laminage  k  froid. 

LGC2  (Lockheed):  projection  au  plasma-arc  d’ oxyde  +  liant. 

Contrairement  aux  siliciures,  ce  revAtempnt  semble  mieux  r^sister  k  basse 
pression  qu’  a  haute  pressiou: 

vie  de  2, 5h  pour  p  =  0, 07  torr 
vie  de  0, 25h  pour  p  =  760  torr. 


3.  REVETEMENTS  PROTECTEURS  POUR  TUNGSTENE 
ET  ALLIAGES  DE  TUNGSTENE 

5. 1  Types  de  RevEtements 

Etant  donne  que  1’  utilisation  du  tungstAne  et  de  ses  alliages  est  plus  specialement 
envisagee  k  des  temperatures  de  plus  de  1.500°C,  et  de  preference  2.000°C,  les 
revdtements  protecteurs  doivent  egalement  rdsister  &  ces  temperatures  eievdes.  Le 
problAme  est  done  ici  encore  plus  difficile  que  pour  les  autres  metaux  refractaires, 
et  les  developpements  sont  jusqu’  4  present  assez  peu  avaneds. 

On  envisage  principalement: 

des  revStements  du  type  siliciures  modifies,  4  1’  image  de  ce  qui  a  ete  fait 
pour  le  molybdAne;  cependant  les  siliciures  ne  s’ avdrent  pas  capables,  jusqu’  k 
present,  de  proteger  le  tungstdne  aux  temperatures  de  1.900°  et  plus, 
temperatures  ok  les  applications  du  tungstdne  sont  les  plus  intdressantes; 

des  revdtements  du  type  ceramique,  k  base  d’  oxydes  refractaires,  en  recherchant 
la  compacite  maximum. 

Une  vue  d’  ensemble  est  donnee  par  le  tableau  suivant: 


k  1.650°C 
(sur  T2M) 


Classe 

Organisation 

Repere 

Type 

Siliciures 

General  Telephone 
and  Electronics 
American 

Machine  and  Foundry 
Chromalloy 

Chromizing 

Thompson  Ramo 

R  507  A 

AMFK01E 

W2 

Durak  MGF 

modifie 

modifie 

modifie 

modifie 

(modifie  par  Ti,  Zr,  H)  Ti-Zr  (Si-W)  0 
ou  Ti  (Zr-B)  (Si-ff)  0 

(Voir  page  suivant e) 
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Class 


Organisation 


Reference 


Type 


Metals 

New  York  University 
General  Telephone 
and  Electronics 

IIT 

Pt 

Rh 

Al-Sn 

Pt-Zr,  Pt-Hf 

Ni-Zr,  Ni-Hf  (+  0) 

_  _  _  ... 

Ceramic 

Lockheed 

Oxides  or  borides 

IIT 

Zr02  +  binder 

Value 

Cr  +  ZrB 

Solar 

Th0? 

5.1.1  Silicides 

R507A  (General  Telephone  and  Electronics) 

Modified  silicide  produced  by  pack  cementation  (16h  at  1900°F)  +  special  overcoat  - 
final  diffusion  treatment  in  air. 

Average  thickness:  100  microns. 

Protection:  more  than  26h  at  3000°P 
more  than  20h  at  3300°P 

18-40h  at  S450°P. 

Disadvantage:  protection  not  certain  (pest  effect)  at  low  temperatures  (2200-2500°P). 

AMFKOTE  (American  Machine  and  Foundry)  -  unspecified  modified  silicide. 

Protection:  lOh  at  2800°F. 

3-4h  at  3200°F. 

W2  (Chromalloy) :  modified  silicide  (see  Mo). 

Protection:  60h  at  2700°F  (on  50/50  W-Mo  alloy). 

Disadvantage:  causes  embrittlement  of  base  metal. 

Durak  MGF  (Chromizing):  unspecified  form  of  modified  silicide. 

Has  been  applied  to  a  tungsten  rocket  nozzle.  The  working  temperature  of  the 
gases  is  5000°F  and  the  metal  reaches  a  temperature  of  3600°F  on  the  inside  and 
3100°F  on  the  outside. 

An  unprotected  piece  is  unfit  for  use  after  an  80-second  test.  The  protected 
part  showed  no  damage  after  two  tests  of  300  seconds  each. 
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Classe 

Organisation 

Rephre 

Mdtaux 

New  York  University 
General  Telephone 
and  Electronics 

IIT 

< 

Cdramiques 

Lockheed 

IIT 

Value 

Solar 

I 

Pt-Zr,  Pt-Hf 
Ni-Zr,  Ni-Hf  (+  0) 

Oxydes  ou  borures 
Zr02  +  liant 
Cr  +  ZrB 
ThO. 


5.1.1  Siliciures 

R  507  A  (General  Telephone  and  Electronics) 

Siliciure  modifid  rdalisd  par  pack-cementation  (16h  4  1.040°C)  +  couche  de 
recouvrement  spdciale  -  traitement  final  de  diffusion  dans  1* air. 

Epaisseur  moyenne:  100  microns. 

Protection:  plus  de  26h  4  1.650°C 
plus  de  20h  4  1.800°C 

18-40h  4  1. 900°C. 

Inconvenient:  protection  non  assurde  (pest)  aux  basses  tempdratures  (1. 200-1. 400°C). 

AMFKOTE  (American  Machine  and  Foundry)  -  siliciure  modifid  non  prdcisd. 

Protection:  lOh  4  1.540°C. 

3-4h  4  1,760°C. 

W2  (Chromalloy) :  siliciure  modifid  (voir  Mo). 

Protection:  60h  4  1.470°C  (sur  alliage  ff-Mo  50/50). 

Inconvenient :  fragilisation  du  mdtal  de  base. 

Durak  MGF  (Chromizing):  siliciure  modifid  non  prdcisd. 

A  dtd  appliqud  4  un  col  de  fusde  en  tungstdne.  La  tempdrature  des  gaz  en  fonctionne- 
ment  est  de  2.800°C  et  le  mdtal  atteint  une  tempdrature  de  1.980°C  4  1’ intdrieur, 

1.700°C  4  1’ extdrieur. 

Une  pidce  non  protdgde  est  hors  d’  usage  aprds  un  essai  de  80  secondes.  La  pidce 
protdgde  n’a  pas  montrd  de  dommages  aprds  deux  essais  de  300  secondes  chacun. 
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Si-Tapco  (Thompson  Ramo) 

Silicide  modified  with  Ti,  Zr  +  Hf,  produced  by  pack  cementation  (NaF  carrier  - 
under  vacuum  conditions),  followed  by  preoxidation  in  air  or  in  hydrogen  saturated 
with  water  vapour  (215h  at  2200°F). 

The  complexes  Ti-Zr  (Si-W)  0  or  Ti  (Zr-B)  (Si-W)  0  are  formed,  with  an 
orthosilicate  substitution  type  structure. 

Average  thickness:  60-75  microns. 

Protection:  30h  at  3000°F 
15h  at  3400°P 

destruction  point  about  3700°P  (at  atmospheric  pressure). 

Advantages:  the  "pest  oxidation"  effect  at  medium  temperatures  seems  to  be 
reduced: 

good  resistance  to  thermal  shock; 

resists  lh  at  3400°P  under  vacuum  of  1  to  0.03  torr. 


Disadvantages:  the  base  metal  is  liable  to  recrystallize  during  the  coating 
operation,  with  consequent  internal  brittleness. 

TRY/  coatings  on  tungsten  metal 


5.1.2  Metals 
Platinum  Group 

Electrolytic  deposits  of  Pt  give  a  protection  of: 

20h  at  2000°P 
5h  at  3000°P. 

Deposits  of  Rb  have  been  intensively  studied  at  New  York  University. 


Si -Tapco  (Thompson  Ramo) 


SiliciuTe  modifid  avec  Ti,  Zr  +  Hf,  rdalisd  par  pack-cementation  (NaF  carrier  - 
sous  vide),  suivie  de  prdoxydation  dans  1’ air  ou  dans  l’hydrogdne  saturd  de  vapeur 
d’ eau  (215h  4  1.200°C). 

On  "orme  des  complexes  Ti-Zr  (Si-W)  0  ou  Ti  (Zr-B)  (Si-W)  0,  4  structure  du  type 
orthosilicate  de  substitution. 

Epaisseur  moyenne:  60-75  microns. 

Protection:  30h  4  1.650°C 
15h  4  1. 820 °C 

destruction  vers  2.030°C  (4  la  pression  atmosphdrique) . 

Avantages:,  le  phdnomdne  de  "pest-oxydation”  aux  tempdratures  moyennes  serait 
fortement  rdduit; 

bonne  rdsistance  au  choc  thermique; 
rdsiste  lh  4  1.870°C  sous  1  4  0,03  torr. 

Inconvenient s:  le  mdtal  de  base  risque  de  recristalliser  pendant  1’ opdration  de 
revdtement,  d’od  fragilisation  interne. 

Revetements  TRW  sur  tmgst'ene  non  allie 


Durie  de  vie  (en  h)  (cycles  de  lh) 
dans  1‘ air  h pression  atmospherique 


980- 

1.100% 

1.370 % 

1.650% 

1.760 % 

1.920% 

1.980% 

2.000% 

Non 

prdoxydd 

W-Si 

pest 

22 

11 

■ 

_ 

non 

uti- 

Prdoxydd 

W(Si-W)  0 

pest 

38 

25 

- 

- 

lisa- 

W-Ti-Zr  (Si-W)  0 

pest 

36 

32 

H' 

8 

1 

bles 

W-Ti  (Zr-B)  (Si-W)  0 

pest 

- 

29 

El 

— 

4 

5.1.2  Metaux  ^ 

Groupe  du  platine 

Les  ddpfits  dlectrolytiques  de  Pt  donnent  une  protection  de: 

20h  4  1.100°C 
5h  4  1.650°C. 


Les  ddpdts  de  Rh  ont  dtd  intensivement  dtudids  a  New  York  University. 


Aluminide  (General  Telephone  and  Electronics) 

Immersion  in  molten  Al-Sn  or  in  a  slurry  of  Al-Sn  followed  by  diffusion  heat 
treatment. 

Protection:  more  than  8h  at  2500°F. 

Disadvantage:  intergranular  attack  of  the  base  metal. 

Armour  Research  Foundation  (IIT) 

Application  of  powdered  alloys  Pt-Zr,  Pt-Hf,  Ni-Zr  or  Ni-Hf.  Diffusion  treatment 
to  form  ffjjZr  or  WjHf.  Preoxidation  to  form  ZrO?  or  Hf02. 

Appears  to  be  effective  up  to  3500°P. 

5.1.3  Ceramics 
LGC2  (Lockheed) 

Plasma  arc  spraying  with  oxides  (Th02,  Hf02,  Zr02,  BeO)  or  borides  (HfB2),  (ThB4)  + 
binder  with  low  melting  point. 

Disadvantages: 

-  very  brittle; 

-  poor  resistance  to  thermal  shock; 

-  difficulty  of  protecting  corners; 

-  performances  so  far  very  limited  (rapid  deterioration  of  oxides  by 
cracking  and  of  borides  by  oxidation). 

University  of  Illinois  (IIT) 

Vitreous  type  ceramic  coating:  Zr02  bound  with  a  glass,  low  temperature  type. 
Protection:  lOh  at  3000°F. 

Disadvantage:  very  brittle. 

5.2  Miscellaneous 
Metal  +  ceramic 

Value  Engineering  operates  an  electrolytic  deposit  in  aqueous  environment: 

Cr  +  ZrB,  followed  by  diffusion  heat  treatment. 

Protection:  30  min  at  3900°P  (flame  test). 


Aluminlure  (General  Telephone  and  Electronics) 


Immersion  dans  Al-Sn  fondu,  ou  dans  une  bouillie  d’  Al-Sn  +  traitement  thermique  de 
diffusion. 

Protection:  plus  de  8h  A  1.370°C. 

Inconvenient:  attaque  intergranulaire  du  mdtal  de  base. 

Armour  Research  Foundation  (I IT) 

Application  de  poudres  d’  alliages  Pt-Zr,  Pt-Hf,  Ni-Zr  ou  Ni-Hf.  Traitement  de 
diffusion  pour  former  W2Zr  ou  ff2Hf.  Prdoxydation  pour  former  Zr02  ou  Hf02. 

Serait  efficaee  jusqu' A  1.950°C. 

5.1.3  Cer  antiques 
LGC2  (Lockheed) 

Projection  au  plasma-arc  d’ oxydes  (Th02  -  Hf02  -  Zr02  -  BeO)  ou  de  borures 
(HfB2  -  ThB4)  +  liant  A  basse  temperature  de  fusion. 

Inconvenient  s 

-  trAs  fragile; 

-  peu  resistant  au  choc  thermique; 

-  difficult^  de  protdger  les  angles; 

-  performances  jusqu’  ici  trAs  limitAes  (deterioration  rapide  des  oxydes 
par  criques,  des  borures  par  oxydation). 

University  of  Illinois  (IIT) 

RevAtement  ceramique  type  vitreux:  Zr02  lid  avec  un  verre,  type  haute  temperature. 
Protection:  lOh  A  1.650°C. 

Inconvenient:  trAs  fragile. 


5. 2  Divers 
Mdtal  +  ceramique 

Value  Engineering  opAre  un  ddpdt  Alectrolytique  en  milieu  aqueux  de  Cr  +  ZrB,  suivi 
d’  un  traitement  thermique  de  diffusion. 

Protection:  0, 5h  A  2. 150°C  (essai  A  la  flamme). 
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!  6.  SUMMARY  OF  PERFORMANCE  OF  COATED  REFRACTORY  METALS 


6.1  Summary  of  Mean  Performances 

The  following  table  gives  a  comparative  summary  of  the  mean  performances  of  the 
various  coatings  for  the  four  refractory  metals: 


Mean  performances  of  coatings  in  still  air 
at  atmospheric  pressure 
(Laboratory  tests) 

Temperature 

Life  (h 

ours) 

(°F) 

Nb 

Ta 

Mo 

tv 

1800 

_ 

1000 

1 

- 

500  -  1500 

- 

2200 

30  -  500 

— 

— 

10  -  200 

100  -  500 

- 

2600 

4-50 

10  -  300 

- 

2700 

1-50 

30  -  100 

3  -  100 

40  -  60 

2900 

0.4-4 

10  -  20 

1  -  7 

■ST 

3100 

0  -  1 

2-4 

0.2-2 

SSb 

3300 

_ 

0-0.1 

0-0.5 

5-20 

3500 

- 

- 

- 

0.2-10 

3700 

- 

- 

- 

3900 

— 

_ 

_ 

4000 

~ 

(0.7) 

(0.5) 

The  above  figures  are  only  indicative,  testing  conditions  more  in  keeping  with  the 
required  service  (air  blast  -  blowpipe  -  plasma  -  low  pressures  -  cyclic  -  thermal 
shock  -  strain  before  or  during  test,  etc.)  may  shorten  the  life  of  the  coating  to  a 
greater  or  lesser  extent. 


The  following  curve  (Fig. 7)  gives  a  general  idea  of  the  present  limits  of 
protective  coatings  on  refractory  alloys. 


6.2  Current  Maximum  Performances 
See  Figure  7. 


5.  PERFORMANCES  DES  METAUX  REFRACTAIRES  AVEC  REVETEMENTS 
6.1  Smites  des  Duties  de  Vie 

Le  tableau  ci-aprEs  prEsente  un  rEsumE  comparatif  des  performances  moyennes  des 
diffErents  revEtements  pour  les  quatre  mEtaux  rEfractaires: 


Performances  moyennes  des  revStements  dans  I'air  calme 
a  la  pression  atmosphirique 
(Essais  de  laboratoire) 

Temperature 

DurSe  de  vie  (h) 

rr') 

Nb 

Ta 

Mo 

W 

1  .ex' 

300  -  1.500 

_ 

1.000 

— 

1.100 

100-1. 100 

- 

500  -  1.500 

- 

1.200 

30  -  500 

— 

150  -  1.000 

1.300 

10  -  200 

100  -  500 

40  -  500 

1.400 

4-50 

50  -  150 

10  -  300 

1.500 

-1-50 

30  -  100 

3  -  100 

40  -  60 

1.600 

0,4-4 

10  -  20 

1  -  7 

20  -  40 

1.700 

0-1 

2-4 

0,2-2 

10  -  30 

1.800 

0-0,1 

0-0,5 

5-20 

1.900 

- 

- 

- 

0,2  -  10 

2.000 

- 

“ 

- 

- 

2.100 

— 

— 

_ 

— 

2.200 

- 

- 

(0,7) 

(0,5) 

Les  donnEes  ci-dessus  n’  ont  qu’  une  valeur  indicative,  les  conditions  d’  essais  en 
relation  avec  le  service  dEsirE  (air  soufflE  -  chalumeau  -  plasma  -  faibles  pressions 
cyclages  -  chocs  thermiques  -  Elongation  avant  ou  pendant  1’ essai,  etc.)  pouvant 
rEduire  plus  ou  moins  fortement  la  durEe  de  vie. 

La  courbe  ci-aprEs  (Fig. 7)  donne  une  idEe  gEnErale  des  limites  actuelles  des 
revEtements  protecteurs  sur  alliages  rEfractaires. 

6.2  Performances  Maximum  Actuelles 


Voir  Figure  7. 
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Vie  en  heures 


Pig. 7  Performances  maximum  actuelles 
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